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1. Theory 

1.1. Introduction 

Sir William Crookes accidently discovered thallium (Tl) in 1861 when burning dust from a 

sulphuric acid industrial plant and observed a green spectral band. The name derives from 

'thallos' which translated from Latinized Greek means a green shoot, a resemblance of the 

bright green spectral band observed by Crookes (Galvan-Arzate and Santamaria, 1998). 

Thallium is a post-transition element with an atomic number of 81 and a mass of 204.37. It is 

an extremely toxic trace element, whose mobility, availability and bio-accessibility can lead to 

severe side effects to plants and animals (Galvan-Arzate and Santamaria, 1998; Migaszewski 

and Galuszka, 2021). It can also be classified as a heavy metal due to its density of 11.83 g/cm3. 

In its purest form, T l is found to be soft, odourless and tasteless, with a blue-white hue. 

Nevertheless, when it is found admixed with other substances, it can be found as yellow, 

colourless or white (Peter and Viraraghavan, 2005). The toxicity of T l has been compared to 

that of Pb, Cd and in some cases, to Hg (Kemper and Bertram, 1991). Nevertheless, the attention 

given to Tl compared to that of other toxic elements is much less, especially in the past, mostly 

due the lack of technology with high precision Tl measurements. The development of a high 

precision (mass) spectrometer that could finally detect Tl in samples emerged in the end of the 

20 t h century, thus creating and influx of research that focused on Tl in a wide range of 

environments and samples, and later on, focused on Tl isotopes. The research focused on Tl 

brought novel insights into its geochemistry, how the element behaves in different 

environmental compartments, and the factors that controls its mobility and isotopic 

fractionation, etc. The theory presented here within, looks at some of the discoveries that were 

made in the past two decades that were focused on Tl in industrial processes, and its behaviour 

in soils and plants and at the soil-plant interface(s). 

1.2. Thallium toxicity 

The Environmental Protection Agency classifies Tl as a priority pollutant. The approximate 

biological half-life of Tl is 3-8 days and is usually released from the body through urine (Zitko, 

1975). That being said, Tl can enter the body via ingestion of contaminated food or via skin and 

mucous membranes and is then easily distributed throughout the body of animals and tends to 
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accumulate in the bones and central nervous system (Peter and Viraraghavan, 2005; Cvejtko et 

al., 2010). Thallium is believed to bind to sulfhydryl groups of proteins and mitochondrial 

membranes that lead to the inhibition of various enzyme reactions and causes Tl poisoning 

(Peter and Viraraghavan, 2005). Mulkey and Oehme (1993) suggested that the toxic effects of 

Tl were caused by the interaction with riboflavin, inhibition of cellular respiration, distribution 

of Ca homeostasis, and ligand formation with protein sulfhydryl groups. One of the proven 

methods of Tl toxicity is connected to the K - T l relationship (described in section 1.4), where 

monovalent Tl can easily imitate the biological behaviour of K ions, and therefore substitutes 

K in the ATPase, pyruvate kinase, and stabilization of ribosomes (Peter and Viraraghavan, 

2005). Signs of Tl poisoning were reported as vomiting, diarrhoea, hair loss, and distress to the 

nervous system and organs. In cases of acute Tl poisoning, people were observed to suffer from 

alopecia, gastroenteritis and polyneuropathy (Kazantzis, 2000). The organs that suffers the most 

from Tl intoxication are the central and peripheral nervous system (Kemper and Bertram, 1991). 

In one part of the world, where people suffer from chronic T l toxicity, as a result of 350 years 

of mining, they show symptoms of headaches, abdomen/upper arm/thigh pain, anorexia, 

alopecia and in some cases, blindness (Zhang et al., 1998). In both cases of acute and chronic 

Tl toxicity, there have been cases that have led to death; however, this is usually not always the 

case thanks to successful therapies being developed in the second half of the 20 t h century. 

1.3. Thallium uses 

Since its discovery and up until the mid-20 t h century, there were 150 uses and applications of 

Tl listed in the cumulative index of'Chemical Abstracts' (Peter and Viraraghavan, 2005). Such 

uses included the addition of T l to rodenticides and insecticides, uses in the medical field to 

treat ringworms, syphilis, venereal diseases, malaria, and tuberculosis (Nriagu, 1998; 

Kazantzis, 2000). Consequently, the use of Tl in such cases is extremely dangerous due to Tl 

poisoning. Thallium salts were also used in many homicidal cases and in cases of illegal 

abortions (Kazantzis, 2000). Due to the detrimental health effects to many organs and especially 

the nervous system (Cvejtko et al., 2010), over time Tl was removed from such products and 

treatments. Currently, T l is used in the manufacturing of semiconductor material, low-

temperature thermometers, scintillation counter for radioactivity quantitation, low freezing 

alloys, antifriction alloys, low-melting special glasses, photocells, high-temperature 

superconductor materials, and/or cardiovascular imaging (Nriagu, 1998; Kazantzis, 2000; 

Karbowska, 2016; Belzile and Chen, 2017). 
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1.4. Thallium in the environment 

Thallium has two oxidation states, monovalent and trivalent, however, in most environmental 

conditions, monovalent T l is predominant (shown in Fig. 1) (Rader et al., 2018). In cases of 

extremely oxidising conditions, the formation of Tl(III) species could arise (Peter and 

Viraraghavan, 2005; Belzile and Chen, 2017; Migaszewski and Galuszka, 2021). Examples of 

monovalent Tl are ThO, T I2S and T I 2 S O 4 , and trivalent T l examples are T I 2 O 3 , T I C I 3 , and 

Tl(OH)3 (Lin and Nriagu, 1999). The Goldschmidt geological classification of T l is as a 

chalcophile. However, the chemistry of Tl allows it to display both chalcophilic and lithophilic 

behaviours, with the latter behaviour more predominant in the environment. The lithophilic 

behaviour of Tl , is mainly associated with its analogy to K, due to their similar ionic radii (1.59 

A for Tl and 1.51 A for K), which has causes Tl to interfere with the K cycle. 

In the environment Tl is naturally found with a mean Tl concentration in the Earth's crust 

ranging between 0.1-1.7 mg/kg, usually associated with sulphides ores and in coal (Kazantzis, 

2000). In silicates, T l can range from 0.-2.0 mg/kg and in igneous rocks from 0.05-1.8 mg/kg, 

while in organic-rich shales Tl was found to reach concentrations up to 1000 mg/kg (Kazantzis, 

2000; Kabata-Pendias and Pendias, 2011). A few places in the world identified having naturally 

high levels of Tl and were part of historic and in some cases, present day sulphide ore mining. 

Examples of such localities are Lanmuchang (China), Allchar (North Macedonia), Iron 

3 



Mountain (USA), Buus (Switzerland), Olkusz (Poland) and Tuscany (Italy) (Migaszewski and 

Galuszka, 2021). Thallium can be found incorporated into the structure of minerals via redox 

reactions, sorption or substitution of cations (examples of minerals are listed in Table 1). 

Lorandite and Crookesite are minerals with extremely elevated concentrations of Tl , where Tl 

levels can reach up to 60% (Kazantzis, 2000). 

In general, T l is mostly associated with specific sulphides, namely pyrite (FeS2), galena (PbS), 

sphalerite (ZnS), chalcopyrite (CuFeS2), realgar (AS4S4), specific Mn-oxides and silicates, such 

as biotite (K(Mg,Fe)3AlSi3Oio(OH)2), muscovite (KAl2(AlSi3Oio)(OH)2), K-feldspar 

(KAlS i 3 0 8 ) , illite ((K,H30)(Al,Mg,Fe)2(Si,Al)40io((OH)2,(H20))) and jarosite 

(KFe3(S04)2(OH)6) (Nriagu, 1998; Kaplan and Mattigod, 1998; Peter and Viraraghavan, 2005; 

Karbowska, 2016; Garrido et a l , 2020; Aguilar-Carrillo et al., 2020; Lin et al., 2020; Dordevic 

et al., 2021; Zhuang et al., 2021; Migaszewski and Galuszka, 2021). 

While the sources of Tl can be both geogenic and anthropogenic, geogenic inputs account for 

a small part of the overall inputs. Anthropogenic T l was found with concentrations reaching up 

to thousands of mg/kg (Xiao et al., 2004; Cabala and Teper, 2007; Baceva et al., 2014; Wei et 

al., 2020). The most important anthropogenic T l sources in the environment include sulphide 

ore mining, ferrous and non-ferrous metallurgy, cement production and industrial coal 

combustion (Peter and Viraraghavan, 2005; Karbowska et al., 2018). Generally, in soils, 

geogenic T l is usually found to be incorporated with aluminosilicates, whereas anthropogenic 

Tl is potentially more mobile in the soil (Al-Najar et al., 2005; Yang et al., 2005; Lin et al., 

2020). 

The fate of T l can depend on a magnitude of factors ranging on the speciation of Tl , type of 

source(s), the sink(s), soil properties, plants, climate, and microorganisms. Plants can change 

the soil properties in the rhizosphere that can potentially (im)mobilise Tl , or uptake Tl. Changes 

in climate (including rainfall) can affect soil properties (eg. pH, O M content) and the leaching 

of elements. Microorganisms can also alter the soil properties, which can in turn affect the fate 

of Tl . An overview of the main geochemical processes that control T l in the environment and 

the pathways from source to human can be seen in Fig. 2. 

4 



Table 1. Examples of T l bearing minerals 

Tl minerals Chemical formula 

Hutchinsonite TlPbAs 5 S 9 

Lorandite TlAsS 2 

Urbanitě TlAs 2 SbS 5 

Crookesite Cu 7(Tl,Ag)Se 4 

Bernardite TIAssSs 

Pierrotite Tl 2(Sb,As)i 0Si6 

Carlinite T12S 

Avicennite TI2O3 

Jarosite KFe 3 +

3 (S0 4 ) 2 (OH) 6 

Pharmacosiderite KFe4(As04)3(OH)4H20 

Thalliomelane Tl(Mn 4 + 7 . 5 Cu 2 + o . 5 )O l 6 

Dorallcharite (TLK)Fe 3 +

3 (S0 4 ) 2(OH) 6 

Lanmuchangite T1A1 (S0 4 ) 2 12H 2 0 

Ellisite TI3ASS3 

Jankovicite Tl 5 Sb 9 (As,Sb) 4 S 2 2 

Picotpaulite TlFe 2 S 3 

Rebulite T l 5 Sb 5 As 8 S 2 2 

Simonite TiHgAs 3 S 6 

Note: compiled from Balic-Zunic et al. (1994), Nraigu, (1998), Boev et al. (2001-2002), Daiyan et al., (2003), 
Herrmann et al. (2018), Aguilar-Carrillo et al. (2020), Bordevic et al. (2021), Golebiowska et al. (2021), Zhao and 
Gu (2021) Migaszewski and Galuszka, (2021). 

volcanic 

Figure 2. The main sources and geochemical processes that control T l in the environment (source: Migaszewski 
and Galuszka, 2021) 
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1.5. Stable Tl isotopes 

1.5.1. Determination of Tl isotopic ratios 

Thallium has two stable isotopes, with atomic masses of 203 and 205, with the abundances of 

-30% and 70%, respectively (Fig. 3), and varying ratios in the environment, which are shown 

in Fig. 4 (Nielsen and Rehkamper, 2012; Nielsen et al., 2017). 
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Figure 3. Abundance of stable T l isotopes (source: Kersten et al., 2014) 

Before the development of the multiple collector inductively coupled plasma mass spectrometry 

(MC-ICP-MS), T l stable isotopes could not be precisely determined. The determination of Tl 

isotopes using thermal ionization mass spectrometry (TIMS) was not possible, due to its lack 

of precision and due to Tl only having two stable isotopes. It was only in the late 90s when Tl 

isotopes were first measured by Rehkamper and Halliday (1999) using multiple collector 

inductively coupled plasma mass spectrometry (MC-ICP-MS). The authors had created a novel 

chemical and mass spectrometric procedure that finally led to the measurements of Tl isotopes 

in environmental samples. 

The high-precision MC-ICP-MS is capable of recognizing small variations in stable isotope 

compositions of Tl in different environmental samples. Once measured, the Tl isotopic ratio 

(2 0 5T1/2 0 3T1) in the sample is then calculated relative to the reference material NIST S R M 997 

(National Institute of Standards and Technology) (e 2 0 5 Tl = 0). External normalization/standard 

sample bracketing (NIST S R M 997) is then used in order to eliminate the mass bias drift. The 
2 0 8 Pb/ 2 0 6 Pb ratio is commonly used for internal correction of the raw 2 0 5T1/ 2 0 3T1 ratio. 
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The isotope composition is then calculated using the following equation (eq.l): 

Equation 1. Calculation of T l isotope composition 

E 2 0 5T1 = 104
 X ( 2 0 5 Tl / 2 0 3 Tl s a m p l e - 2 0 5T1/ 2 0 3T1N IST997)/( 2 0 5T1/ 2 0 3T1N I ST997) 

For Tl stable isotopes, the e-notation (variations in parts per 10,000) is used because the Tl 

isotopic system was first created as a cosmochemical radiogenic isotope system (Nielsen and 

Rehkamper, 2012; Nielsen et al., 2017). The e-notation also proves useful with regards to the 

variability of stable T l isotope ratios, as data are presented usually as whole figures with only 

one decimal point. The e-notation also allows for the comparison between terrestrial and 

cosmochemical data. 

Before the samples can be measured precisely by the MC-ICP-MS, the sample must be 

subjected to a separation process where Tl must be isolated and any Pb in the sample must be 

removed in order to not interfere with any results. The separation process method has been 

described by Rehkamper and Halliday (1999). Nonetheless, with time, modifications have been 

made to the method (described in chapter 3.1.2) by Nielsen et al. (2004, 2007) and Baker et al. 

(2009). The separation processes for separating Tl from the sample matrix is dependent on 

trivalent Tl in acidic conditions to produce anionic complexes with halogens (CI" or Br") which 

can partition to anion exchange resins. Therefore, the samples must be prepared in oxidising 

conditions by adding water saturated in B n to the digested samples, in order to make sure that 

all the present Tl is in the trivalent state. The Tl-rich sample is then washed with different acids 

until B n is no longer present. The last step of the separation involves the removal of Tl from 

the resin using reducing agents (0.1 M HC1 with dissolved SO2 gas) (Nielsen et al., 2004, 2007; 

Baker et al., 2009; Nielsen and Rehkamper, 2012). 

1.5.2. The use of Tl stable isotopes 

The interest in T l has led to the formation of an isotope-based source identification, allowing 

to distinguish the source and pathway of an element into the studied environment with the use 

of mixing models, especially in scenarios with more than one source. However, such mixing 

models cannot be used to provide data on the precise contributions of multiple anthropogenic 

sources, as sometimes more sources or processes can blur the source signals, making it harder 

to identify the exact source input. For more than two decades, T l isotopes and isotopic 
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composition have been successfully studied in a range of different environments, including 

marine environments, soils, plants, and industrial wastes (Nielsen et al., 2004, 2005, 2006a, 

2006b, 2006c, 2007, 2009, 2017; Rehkämper and Nielsen, 2004; Prytulak et al., 2013; Kersten 

et al., 2014; Vaněk et al., 2016, 2018, 2019, 2020, 2021, 2022; Vejvodova et al., 2020). 

The aforementioned studies on Tl stable isotopes has provided an insight into Tl behaviour and 

its isotopic fractionation that it undergoes in different environmental compartments and related 

geochemical processes. This could help in our understanding, namely where Tl can come from 

or which type of mechanisms tend to affect its environmental/industrial cycles, etc. (Kersten et 

al., 2014; Wang et al., 2021). The environmental processes noted to cause variations in the 

isotopic ratios between environmental samples are evaporation/condensation, redox processes, 

dissolution/precipitation, adsorption/desorption, and biological cycling (Wiederhold, 2015; 

Vaněk et al., 2016; Liu et al., 2020a, 2020b). In soils and plants, Kersten et al. (2014) conducted 

the first study involving the use of Tl isotopes to provide useful insights into the origins 

(anthropogenic/geogenic) of Tl in soils and plants. 
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D Coal pyrite ('Black triangle' Czech Rep.) 
1 1 Volatile Tl fractions ('Black triangle' Czech Rep.) 
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D Bottom ash ('Black triangle' Czech Rep.) 

D Electrostatic precipitation fly ash (Yungu City, China) 
• D Cyclone scrubber fly ash (Yungu City, China) 

D Boiler fly ash (Yungu City, China) 
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• Pyrite ore (Yungu City, China) 
1 1 Soil (Lenaerich. Germany) 
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Figure 4. Thallium isotopic variations in different geological/industrial reservoirs. The dashed line s 2 0 5 Tl= -2 
depicts the T l isotopic composition of the Earth's mantle. Adapted and modified from Kersten et al. (2014) with 
added data compiled from new publications (found in section 7.5) 
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1.5.3. Stable Tl isotopic fractionation 

Isotopic fractionation refers to the 'relative partitioning of the heavy (205T1) and light (203T1) 

isotopes between two coexisting phases (or rocks, solutions, etc.) in a natural system' (Tiwari 

etal.,2015). 

Mass-dependent isotopic fractionation of Tl isotopes may be controlled by both equilibrium 

and kinetically driven processes; the processes are shown in Fig. 5 (Wiederhold, 2015). Kinetic 

processes are unilateral reactions that are induced by different reaction rates between the light 

and heavy isotopes, where the lighter isotope commonly assigns faster reaction rates than that 

of the heavier one. The remaining reactants (if any) of such processes are isotopically heavier. 

If no reactant remains, then the reaction displays no isotopic effects or fractionation (Tiwari et 

al., 2015). Examples of kinetically driven processes are evaporation and diffusion. On the other 

hand, equilibrium driven processes occur when the two phases can react with forward and 

backward reactions until an 'equilibrium' is achieved. The isotopic enrichment is controlled by 

energy difference in the environments where the reaction takes place and reaches isotopic 

equilibrium. In stronger bonding environments, the compounds are usually enriched with heavy 

isotopes (Wiederhold, 2015). 

^ kinetic isotope effect: 

light isotopes exhibit faster reaction rates 

E k i n = Hi m v V l i g h t / V h e a v y = V(mh r a v y/rn l l g h,) 

reactant product 

b equilibrium isotope effect: 

heavy isotopes are enriched in compounds with «stitfer» bonds 
(e.g. higher redox state, lower coordination number) 

compound 
A 

isotope 
exchange 

a 1/T-

compound 
B 

Figure 5. A schematic illustration of kinetic and equilibrium stable isotope fractionation (source: Wiederhold, 
2015). Ekin= kinetic isotope effect of an element; m = isotopic mass; v = velocity; T = temperature 

Rayleigh models are used to determine the factors that control fractionation in different 

processes or to quantify magnitude of transformation based on the isotope data. The Rayleigh 

model is typically used to explain the change of isotope ratios in reactions that are unidirectional 

and incomplete. 
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Thallium isotopic fractionation can be controlled by redox conditions and bonding 

environments. For example, in a highly oxidising environment, T1(I) can oxidise to Tl(III), 

which is found to lead to the enrichment of 2 0 5T1 isotope in Mn(III,IV)-oxides (especially 

birnessite (K4Mni4027-9FÍ20)) and ferromanganese nodules and crusts, however, Fe(III)-oxides 

probably do not significantly sorb Tl or even isotopically redistribute it (Peacock and Moon, 

2012). Higher e 2 0 5 Tl values observed by Rader et al. (2018) in sulphides indicate that the 

presence of covalent bonds and high oxidation states could favour 2 0 5 T1. 

1.6. Thallium isotopes in industrial wastes 

High temperature processes can potentially volatilize Tl compounds, therefore, processes that 

are associated with, for example, coal combustion, cement production and mining and smelting 

activities are potential sources of Tl contamination. Such processes can lead to the mobilization 

of an estimate of 2000-5000 tons of T l per year (Galván-Arzate and Santamaria, 1998; 

Kazantzis, 2000; Peter and Viraraghavan, 2005; Anton et al., 2012; Xiao et al., 2012; Kersten 

et al., 2014; Vaněk et al., 2016). The reason for elevated levels of Tl mobilization is the high 

concentrations of Tl in coal and sulphides. 

The Tl isotopic ratios of each of the individual waste materials are usually unique. Even when 

studying sulphides, each sulphide from a different region potentially has its own unique Tl 

isotopic signature, due to different compositions and processing. The high temperature 

processing that most waste materials are subjected to could result in significant T l isotope 

fractionation; however, this is not always the case. 

Several studies have looked at slags, fly ashes, Tl-rich ores and more, providing some 

understanding how Tl fractionates throughout the material processing. Vaněk et al. (2018) 

studied waste samples from a Zn smelter and found fly ash to be isotopically lighter with s 2 0 5 Tl 

-4.1 compared to the slag (e 2 0 5 Tl -3.3). These results were similar to a previous study that 

investigated products from coal combustion, where the fly ash was also found to be isotopically 

lighter (e 2 0 5 Tl ~ -2.5 to -2.8) compared to bottom ash (e 2 0 5 Tl ~ 0.0) (Vaněk et al., 2016). The 

addition of pyrite in coal feed as well as the high temperatures the materials are processed at 

could be a leading influencer of the emissions of lighter Tl fractions. Vaněk et al. (2016) 

concluded that such a process is mainly controlled by kinetic fractionation; the same study also 

demonstrated through a model thermo-desorption experiment using sulphides that around 1 % 

of Tl volatilized at 700°C (e 2 0 5 Tl -6.2), 4% at 900°C (s 2 0 5 Tl -10.3), and at 300-900°C there was 

78% of Tl condensate (e 2 0 5 Tl -6.2). 
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A study by Liu et al. (2020) predicted that the Rayleigh-type fractionation controlled Tl isotopes 

during pyrite smelting in sulphuric acid production, where great T l isotopic fractionation was 

observed between the pyrite ore (e 2 0 5 Tl -+1.3) and the waste materials (e 2 0 5 Tl —1.1 to +16.2). 

The Rayleigh-type fractionation demonstrates the evolution of stable isotopic ratios during 

'incomplete unidirectional reactions within a closed system' through fractional distillation 

(Wiederhold, 2015). It has been suggested that the high temperature causes 2 0 3T1 isotope to 

enter the vapour phase, leaving the 2 0 5T1 isotope to become enriched in the slags, through 

processes of evaporation and condensation leading to isotopic fractionation, with kinetic 

isotope fractionation as a possible controlling factor (Liu et al., 2020a). During the processing 

of industrial material, the different temperatures in the different parts of the processing lead to 

the evaporation/condensation of Tl that accumulates in the different phases, the temperatures 

also cause Tl isotope fractionation that causes an isotopic variability of the different fly ash 

samples and waste materials. The reducing particle sizes throughout the processing of materials 

also leads to an increase in sorption capacity for volatile Tl , thereby enriching fly ash in 2 0 3T1 

isotopes, while 2 0 5T1 isotopes remain enriched in the slag (Chen et al., 2013; Liu et al 2020a). 

In a paper written by Zhou et al. (2022), studying Pb-Zn smelting, they observed significant 

variations in Tl isotopic composition of the raw material (Pb-Zn ore) (s 2 0 5 Tl -0.87) and different 

waste materials (ranging from s 2 0 5 T l -4.62 to +1.12), these large variations attribute to the 

possibility of Tl isotopic fractionation during the entire smelting processes. The combination 

of the results and the application of the Rayleigh fractionation model proved the enrichment of 
2 0 5T1 isotopes in the waste slags and that volatile fractions formed during high-temperature 

processes were enriched in the 2 0 3T1 isotope (Zhou et al., 2022). However, such fractionation is 

not always the case, as shown by the results of Vaněk et al. (2018). 

1.7. Thallium and Tl isotopes in soil 

The Tl presence in soils is attributed to the mineralogy of the parent material, it is generally 

present as monovalent Tl and can be relatively mobile (depending on soil mineralogy) (Kabata-

Pendias and Pendias, 2011). The bioavailability and mobility of T l is dependent on the soil 

mineralogy, where the presence of Mn(III,IV)-oxides decreases Tl mobility and Ca-carbonates 

potentially increasing Tl mobility. Another controlling factor can be the soil pH and quantity 

and quality of organic matter (OM) present in the soil; lower soil pH can lead to decreased 

stability of secondary Tl phases which can in turn mobilize Tl , and increased O M in soils has a 

tendency to accumulate T l (Grósslová et al., 2015). 
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The first ever study about Tl isotopes in soils was conducted by Kersten et al. (2014), who laid 

the foundation for the application of stable Tl isotope ratios as a source fingerprint. Their study 

produced results showing two Tl pools: one with high Tl concentrations and heavy isotope 

composition (e 2 0 5 Tl >-1.0) and one with low Tl concentrations and light Tl isotope compositions 

(e 2 0 5 Tl <-3.0). Such results indicate that the heavier Tl isotope composition represents Tl from 

anthropogenic origins and the lighter compositions from geogenic origins. 

In several soils rich in geogenic Tl , an enrichment in 2 0 5T1 in the middle zone of the profile was 

linked to a continuous mobilization and immobilization of Tl that was controlled by the redox 

cycles involving the parent material and soil forming processes (Rehkámper et al., 2004; 

Nielsen et al., 2013; Vaněk et al., 2020). The isotopically heavier fractions mobilized during 

the weathering of Tl(III)-containing phases and systematic redox changes probably led to the 

enrichment of 2 0 5T1 into other phases, such as illite, where T1(I) was the prevailing Tl form 

(Vaněk et al., 2020). Figure 6 shows an overview of Tl cycling in soil under the influence of 

Mn-oxides and clay minerals. 

Figure 6. Systematic Mn-oxide degradation T l cycling in soil (source: Zhong et al., 2022) 

Grosslova et al. (2018) observed different soil profiles from an area contaminated with dust 

from flotation tailings (Zn-Pb ore deposits) and noticed that total Tl concentrations and presence 

of 2 0 5T1 isotope decreased with depth (0.5 to 7.6 mg/ kg Tl; e 2 0 5 Tl —0.4 to +3.8). The upper soil 

layers displayed a resemblance to the flotation wastes (13 to 27 mg/kg Tl; e 2 0 5 Tl -+6.1 to +6.3), 

therefore confirming the anthropogenic influence on the soil contamination. Liu et al. (2022) 
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saw similar results, where the Tl isotopic ratio matched with the waste materials of a nearby 

Pb-Zn smelter. The isotopic compositions of acid wastes (result of removal of SO2 gas) (s 2 0 5 Tl 

-4.6), background sediments (s 2 0 5 Tl +1.3) and smelter slag (e 2 0 5 Tl +1.1) (Liu et al., 2020a; Zhou 

et al., 2022) indicate that the wastes play a major role in T l input to the sediments (profiles 

ranging from e 2 0 5 Tl -3.8 to +2.4). 

However, in some cases, there are both anthropogenic and geogenic sources of Tl into the soils, 

which can clearly be seen when observing the Tl isotopic compositions or soils, bedrocks, and 

waste materials. A study by Vaněk et al. (2018) displayed variations in the Tl isotope signature 

between the upper and lower horizons, with s 2 0 5 T l increasing with depth. The soil profile 

depicted two Tl pools: anthropogenic and geogenic, with a higher predominance of the 

anthropogenic pool. 

1.8. Thallium and Tl isotopes in plants 

The Brassica family are proven hyper-accumulators of Tl , while mustard plants and Brake fern 

also showed Tl accumulating abilities (Xiao et al., 2004; Krasnodebska-Ostrega et al., 2008, 

2012; Jia et al., 2013; Holubik et al., 2020; Wei et al., 2020). The species that have been studied 

and proven to translocate T l are Sinapis alba L. , Iberis intermedia L. , Brassica napus L., 

Biscutella laevigata L. , Brassica oleracea L . var. capitata L. (Tremel et al., 1997; Xiao et al., 

2004; Al-Najar et al., 2003, 2005; Scheckel et a l , 2004, 2007; Krasnodebska-Ostrega et al., 

2012; Jia et al., 2013; Grósslová et al., 2015; Ning et al., 2015; Liu et al., 2017, 2020b; Vaněk 

et al., 2010, 2011, 2013, 2015, 2019, 2020; Holubik et al. 2020, 2021). 

In several studies plants were observed to preferentially uptake of Tl compared to that of Hg 

and As. Reasons behind such results could be because of the affinity Tl has to K, where Tl is 

mistaken for K during uptake, higher bioaccessibility of Tl in (Xiao et al., 2004; Grósslová et 

al., 2015; Rader et al., 2019). Higher concentration of Tl in plants can be explained by the high 

Tl levels around the plant rhizosphere, with the mobility controlled by many factors including 

water, pH, organic matter, mineralogy, speciation and cation exchange capacity. 

The predominance and plant availability of T1(I) in soils leads to the accumulation of the lighter 

Tl isotope by plants, with possible fractionation during translocation from roots to above ground 

biomass (Kersten et al., 2014; Vaněk et al., 2019). The pioneering study by Kersten et al. (2014) 

on Tl isotopes in plants showed an enrichment of light Tl isotopes in the soil-root interface, but 

that there was further fractionation along the translocation pathway from the roots (e 2 0 5 Tl -2.5) 
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to the young leaves (e Tl -5.4). However, Vaněk et al. (2019) observed the opposite Tl isotope 

shifts, where translocation lead to heavier Tl isotopes in the shoots (e 2 0 5 Tl <-2.5) compared to 

the roots (s 2 0 5 Tl <-5.9). A possible explanation for the heavier Tl isotopes in the above ground 

biomass could be due to the role of K + in the Tl cycle, T1(I) complexation by specific organic 

ligands or association with S-coordinated T1(I) (Vaněk et al., 2019). 

Rader et al. (2018) studied Indian mustard plants and observed heavier Tl isotope in the 

beginning stages of plant growth (s 2 0 5 Tl ~+2.5) compared to later stages, such as flowering 

(s 2 0 5 Tl —0.2 to -1.8). The results allow to observe the level of translocation that occurs within 

the plant during plant growth, with biological processes that occur during the plant development 

controlling the isotopic patterns (Rader et al., 2019). 

The clear differences between the Tl isotopic compositions in plants display the heterogeneity 

of the behaviour and fractionation of Tl , and stress the influence of the growing medium, Tl 

concentrations and origins in the growing medium, and the plant species. 

1.9. Thallium in organic environments 

Peats are well known scavengers of trace elements, being one of best archives for atmospheric 

depositions (Cabala et a l , 2013; Shotyk and Krachler, 2004; Smieja-Król et al., 2015, 2019). 

Little is known about Tl in peatlands, with even less information concerning Tl isotopic 

behaviour. Studies have shown that T l is immobile in peat, allowing researchers to predict the 

sources of Tl into the peat (Shotyk and Krachler, 2004). The lack of Tl in the bottom layer of 

the peat indicates little to no influence of the mineral dissolution on Tl concentrations in the 

peat profile. High enrichment factors of Tl can only be associated with anthropogenic 

deposition from the industrial periods, which is usually in the older layers of the peat profile, 

where Tl is immobile. Smieja-Król et al. (2015) observed Tl immobilization within the peat 

profile through precipitation of sulphide and due to strong correlations between Tl and Zn, Tl 

co-precipitated with Zn. 

Trends in Tl concentrations and enrichments along with sample dating in peats clearly correlate 

with the industrials activities occurring within the time frame, thanks to the peat's ability to 

preserve Tl within the layers. Mihaljevič et al. (2020) have confirmed such data, where Tl 

values within a peat profile significantly increased during periods of industrial activities in the 

mid 20 t h century and then decreased due to cleaner technologies. 
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2. Hypotheses and aims 

2.1. Hypotheses 

(I) There is a link between Tl soil chemistry/soil processes and Tl isotopic fractionation. 

Thallium isotopic signatures can be used as a proxy for redox controlled processes 

in soil. 

(II) Thallium has limited mobility in peat profiles. Therefore, peat/organic environments 

can potentially be used as an archive for monitoring historical/atmospheric Tl 

deposition. 

(III) Stable Tl isotopic ratios in sulphides and materials derived by high temperature 

sulphide processing can potentially be used for tracing sources of Tl contamination, 

i.e., in cases where the signatures between anthropogenic and geogenic Tl 

significantly differ. 

2.2. Aims 

The aim of this thesis is to obtain a clearer and more comprehensive set of information on the 

behaviour and interactions of stable T l isotopes within the natural geosystems. The focus is on 

understanding the geochemical cycle of Tl and tracing Tl contamination using stable Tl isotopic 

ratios (2 0 5T1/2 0 3T1). The following aims were set in place: 

(I) Understanding the key controls of Tl behaviour in soils 

Fulfilled in the published paper in section 7.1. 

(II) Tracing Tl contamination and stable Tl isotopes in soils and peat bog deposits 

Fulfilled in the published papers in sections 7.1 and 7.2. 

(III) Assessment of the role of peat constituents in post-depositional Tl dynamics 

Fulfilled in the published papers in sections 7.2 and 7.4. 

(IV) Verification of Tl geochemistry in a peat bog - A model experiment 

Fulfilled in the published paper in section 7.4. 

(V) Assessment of the behaviour of stable Tl isotopes throughout metallurgical 

processes 

Fulfilled in the published paper in section 7.3. 
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3. Methodology 

The study area focuses on one study area within Czech Republic and one study area in Poland. 

The study area in Czech Republic is Kluky and the study area in Poland is located in the districts 

of Miasteczko Slaskie and Olkusz. Kluky, located in Southern Bohemia, is characterized by 

moderate Tl concentrations in soils derived from Tl-rich Paleozoic granites. The Miasteczko 

Slaskie and Olkusz districts, in the Silesia-Krakow region (Poland) can be briefly characterized 

by historical mining and processing of Zn-Pb ores. Extreme concentrations of T l and other 

trace elements were observed in the forest floor humus or the upper soil layers at the site (Cabala 

& Teper, 2007; Vaněk et al., 2013) and up to 30 mg/kg for Tl was detected in the peat layers 

(Cabala et al., 2013; Smieja-Król & Bauerek, 2015). A set of Zn-rich sulphide concentrates and 

selected processing wastes were obtained from a hydrometallurgy of Zn that were obtained 

from a M V T ('The Mississippi Valley'-type) deposit located in Olkusz, Poland, Lisheen, 

Ireland and Pinargozu, Turkey, that were processed in a Boleslaw Zn smelter in Poland. 

To understand the relationship between peat matter, sulphide weathering and Tl release, a 

model pot experiment was set up (details can be found in the published work in chapter 4.4). 

Store bought peat was used throughout the experiment and sulphide waste material from the 

Boleslaw Zn smelter was placed into double layered polyamide bags (NITEX 03-1/1, Sefar A G , 

Switzerland; 3 x 3 cm inner bag and 5 x 5cm outer bag, mean mesh size of 1 cm) and placed 

1 cm below the peat surface. The pots were fit with a Rhizon pore water samplers (Rhizosphere 

Research Products, the Netherlands) to collect pore water samples. The pots were subjected to 

watering with either synthetic rainwater or deionized water to maintain 70% of water holding 

capacity. Pore water samples were collected using a surgical needle and a 9mL vacuum 

collection test tube (Vacuette, Greiner Bio-One GmbH) after 1, 2, 3, 4, 6, 8 and 12 weeks. 

3.1. Characteristics of soils, peat and waste materials 

3.1.1. Sample characterisation 

In Table 2, an overview of the analyses done on all soil, peat and waste samples can be found. 

The analysis were done in accordance to the cited methodologies and detailed descriptions can 

be found within the published papers in chapter 7. Many of the analyses were done in replicates 

in order to ensure the accuracy of the results obtained. Certified reference materials ensured the 

quality control of the chemical analyses; detailed data are presented in individual published 
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papers. Soil and peat samples were collected according to soil horizons and peat layers, as well 

as parent material and other soil fractions. Waste samples from the Zn smelter included waste 

materials ranging from ZnS concentrates, sludges and smelter feed. 

Table 2. An overview of physiochemical analysis conducted on soils, peat and waste material 

Physicochemical 

Method Sample 

pH H 2 0 (1/5 v/v) (Handylab pH 11 multimeter, Schott, Germay) 

K C l (1/5 v/v) (Handylab pH 11 multimeter, Schott, Germay) 

S, P 

Total C/S CNS analyser (Flash, 2000; Thermo Fisher Scientific, Germany) S, P 

Cation exchange capacity 
(CEC) 

Sodium acetate method (Bower et a l , 1954), A A S (280FS, Varian, 
Australia) 

B a C l 2 extraction (ISO 11260:1994), ICP-OES (Thermo Scientific 
iCAP 7000) 

S, P 

Acid oxalate extractable 0.2 M ammonium oxalate/oxalic acid (Pansu and Gautheyrou, 2006), 
ICP-OES (Thermo Scientific i C A P 7000) 

S 

Total elemental 
concentration 

Digestion in mixture of acids (HNO2, HCl , HF), Q-ICP-MS (Xseries II, 
Thermo Scientific, Germany) 

S, P, w 

Exchangeable fraction I M NH4NO3 (1/10 S/L ratio, ICP-OES (Thermo Scientific i C A P 7000) S, P 

Particle size distribution Sedimentation process (Gee and Bauder, 1986) S 

Ash content Combustion of l g sample at 550 °C p 

Age dating 
2 1 0 Pb y spectroscopy (Canberra D S A 2000 multichannel analyser) 

1 4 C (EnvironMICADAS compact tandem accelerator) 
p 

Mineralogical 

Method Sample 

Identify sample 
composition/mineralogy 

X-ray diffraction (XRD) (X'Pert Pro diffractometer, PANalyfical, the 
Netherlands) 

s, w 

Images Scanning electron microscopy (SEM) (Tescan Vega, Czech Rep.) w 

Quantitative microanalysis Electron probe microanalysis (EPMA) (JEOL JXA-8530F, Japan) w 

T l speciation X-ray absorption near edge structure (XANES) spectroscopy (Tl Lm-
edge, S U L - X beamline) 

w 

Note: S- soil, P- peat, W- waste material 
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3.1.2. Isotopic analysis and measurement 

In order to determine Tl isotopic ratios within a sample, the T l must be isolated from the 

dissolved sample matrix. The sample undergoes a three-stage chromatographic separation 

involving an anion exchange resin (Bio-Rad AG1-X8, 200-400 mesh, CLcycle) that was 

adapted from the procedure described by Baker et al. (2009). The procedure involves 

evaporating and then re-dissolving the sample in 0.1 M HC1. Afterwards, Br2 was added to the 

sample solution so that the reagent had a final concentration of 1% (v/v) and the sample was 

left overnight in order for T1(I) to oxidise to Tl(III). The chromatography uses resin-filled 

columns with different reagent mixtures and volumes flowing through it, as such: 

i) 5 x 1 mL 0.1 M HCI-SO2 + 5 x 1 mL 0.1 M HC1, resin cleaning 

ii) 5 x 2 mL 0.1 M HC1-1 % Br 2 , resin treatment; sample loading (0.1 M HC1-1 %Br 2) 

iii) 10 x 2 m L 0 . 0 1 M H C l - l % B r 2 

iv) 6 x 2 mL 0.5 M H N 0 3 - 1 % Br 2 

v) 6 x 2 mL 2 M H N 0 3 - 1 % Br 2 

vi) 6 x 2 m L 0 . 1 M H C l - l % B r 2 

vii) 15 x 2 mL 0.1 M HC1-S0 2 , Tl/Pb fraction elution 

The obtained Tl/Pb fraction was evaporated and re-dissolved in 200 (iLO.l M HC1-1% Br 2 (> 

12 h), in preparation for the next part of T l purification. For the second and third 

chromatographic stage, a PP 1.2-mL micro-column filled with 250 uL of resin was used. Resin 

cleaning and treatment, as well as sample loading were performed in the same way, with 

corresponding lower volumes of individual reagent mixtures. Once the final Tl fraction was 

obtained, the Tl sample was typically evaporated and diluted in 5 mL 2% H N O 3 . Thallium and 

Pb concentrations were monitored after sample dissolution and throughout the Tl separation. 

Chemicals of ultrapure and suprapure quality (Merck, Germany), and deionized water (Mil l iQ + , 

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. A l l the solutions were measured in 3 runs (50 cycles each). 

External normalization/standard sample bracketing (NIST S R M 997) was employed to 

eliminate the mass bias drift. The 2 0 8 Pb/ 2 0 6 Pb ratio was used for internal correction of the raw 
2 0 5T1/ 2 0 3T1 ratios. The Tl isotopic composition was calculated using the following equation with 

s notation relative to NIST S R M 997 (Eq. 1, found in section 1.5.1). 
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4. Discussion 

4.1. The key controls of Tl fractionation in soils 

While it is understood that any changes in soil properties can affect an element and the 

fractionation that it may undergo, there are certain properties that have a greater influence than 

others. Therefore, it is important to understand the behaviour of Tl in soils and investigate the 

main influencing factors on its mass-dependant isotopic fractionation. There are several 

geochemical factors that may influence Tl enrichments in soils; two observed factors that 

controlled Tl enrichment in soils were the presence of micaceous clays (due to K-Tl analogy) 

and Mn-oxides (due to systematic degradation). Our results showed that an enrichment of 

isotopically heavier Tl in the middle (A/B) profile zone attributed to the larger abundance of 
2 0 5T1 in the illite clay (3 mg/kg Tl; e 2 0 5 Tl ~ +4.6) and Mn-oxide nodules (5 mg/kg Tl ; s 2 0 5 T l 

+8.2 to +14, respectively) present in the sample, which underwent redox-reactions (Fig. 7). 

However, out of the two, the presence of Mn-oxides and its systematic degradation was the 

main controlling factor for Tl enrichments and fractionation. The relationship between Tl and 

Mn-oxides and the associated positive effects have been observed by several researchers, 

especially in ocean (Rehkámper et al., 2002, 2004; Peacock and Moon, 2012; Kersten et al., 

2014; Vaněk et al., 2016; 2018; Howarth et a l , 2018). 

pedogenic Mn nodules 

+14 £205

TI units 

i 
+4 £205

TI units increase 
A/B horizon interface 

Figure 7. Optical micrograph of Mn-oxide-rich nodule and isotopic composition of the Mn-oxide and the A/B 
soil horizon 

Our results have demonstrated a clear similarity to a previous work by Vaněk et al. 2020, where 

enrichments of 2 0 5T1 in the middle profile were attributed to the presence of Mn(III,IV)-oxide 

nodules. Manganese oxides are enriched in 2 0 5T1 isotopes due to the oxidative Tl sorption. The 

suggested reasoning behind the fractionation caused by Mn-oxides is the shifts in T1(I)-T1(III) 

(Wiederhold, 2015; Rader et al., 2018). The results also contribute to current research on Mn-
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oxides, proving the influence of Mn-oxides on Tl mobility and fractionation in soils. An array 

of studies have proven the significant role of Mn-oxides on Tl isotope fractionation, where a 

shift in T1(I)-T1(III) or vice versa is the key factor in the isotopic fraction of Tl in soils (Nielsen 

et al., 2013; Kersten et al. 2014; Wiederhold, 2015; Vaněk et al., 2016, 2018; Howarth et al., 

2018; Rader et a l , 2018; Vejvodova et al., 2020). 

Our results from the published paper in section 7.1 intended to fulfil the first aims: 

'Understanding the key control of Tl in soils' and 'tracing Tl contamination and stable Tl 

isotopes in soils and peat bog deposits'. As mentioned above, the results provided two key 

controls on Tl : the presence of micaceaous clays and Mn-oxides. The use of Tl isotopes also 

helped in identifying the source of Tl in the soil. 

4.2. Fractionation of Tl in sulphide and industrial processing 

The current research covers various waste materials from different high-temperature processes, 

including ore roasting and coal burning, majority of which confirm the occurrence of Tl 

fractionation (Liu et al., 2020a). Despite the difference in the waste materials and by-products, 

the research agrees that during high temperature processing, partial Tl isotopic fractionation 

can occur, where slags and bottom ash are enriched in 2 0 5T1 isotope, while fly ash is enriched 

in light Tl isotopes, due to kinetic fractionation processes (Vaněk et al., 2016). However, results 

from the publication in section 7.3 depict otherwise. From a set Tl-rich sulphide concentrates 

and wastes from a hydrothermal Zn extraction, insignificant Tl isotopic variations between the 

initial smelter feed- sulphide concentrates and the waste materials were found (despite large 

variations in T l concentrations). The results, therefore, show minimum Tl isotopic effects in 

terms of a total industrial process. Vaněk et al. (2018) observed similar results where there were 

large differences in Tl concentrations between the waste samples, however, there was minimal 

isotopic fractionation. This points to little or no influence of gangue mineralization on the Tl 

isotopic compositions and that the processing of the sulphide ores leads to insignificant Tl 

isotopic fractionation in that case. 

A comparison of ores studied (Table 3.) shows that ores tend to have their own Tl isotopic 

signature, which is based upon many factors including deposit type, sulphide melt, temperature 

and original matrix. 

Our published paper found in section 7.3 aided in fulfilling the aim to "assessment of the 

behaviour of stable Tl isotopes throughout metallurgical processes". The paper provided 
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valuable insights into the fractionation, or lack of fractionation of Tl throughout the 

metallurgical processes. 

Table 3. Examples of T l isotopic signatures of waste materials 

Waste tvoe £
2 0 5

T1 Source 

ZnS concentrate ­3.47 to ­4.40 Vaněk etal. (2021) 

Pyrite ore +1.3 Liu et al. (2020a) 

Meggen pyrite ­0.4 Kersten et al. (2014) 

Ore­stage pyrite ­1.3 Wickhametal. (2014) 

Tl­rich coal pyrite ­5.5 Vaněk etal. (2016) 

Flotation tailings +6.2 Grôsslová et al. (2018) 

Sphalerite ­2.7 Hettman et al. (2014) 

Galena ­1.4 Hettman et al. (2014) 

4.3. Mobility and fractionation of Tl in a peat profile 

4.3.1. Thallium isotopic variations in a contaminated peatland 

It is understood from previous research, that Tl is immobile in organic environments like peat 

(Shotyk and Krachler, 2004; Smieja­Krol et al., 2015). Our results presented in section 7.2 

confirm the conservative behaviour of Tl within a peat profile, similar to the behaviours of Pb, 

and opposite to the mobile Zn. The results of Tl and Pb in the peat reflect the history of 

atmospheric deposition; however, Tl in the peat seems to be more affected by geogenic sources 

compared to Pb (inferred from calculated element enrichments). The Tl isotopic ratios display 

a correlation with the local anthropogenic Tl as well as the geogenic Tl. Interestingly, the results 

showed little to no fractionation within the profile, and confirmed the use of Tl isotopes as a 

tracer for source apportionment, as we could identify both geogenic and anthropogenic pools. 

The absence of isotopic fractionation indicated no Tl sorption onto the peat organic matter nor 

to biological processes, and that no redox T1(I)­T1(III) shifts occurred. In our sulphides study 

and the peatlands paper (section 7.3 and 7.2, respectively), we were able to determine the 

isotopic compositions of different waste materials from a Zn smelter, which was used to trace 

the sources of Tl within the peat profile. The variations in Tl isotopic ratios in the peat samples 

were in accordance with the major local anthropogenic sources and background Tl isotopic 

values of the study area. 
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Nonetheless, regarding Tl isotopic behaviour within a peat profile, there are no other known 

publications for comparison. 

The published paper found in section 7.2 was designed to "trace Tl contamination and stable 

isotopes in soils and peat bog deposits" and for the "assessment of the role of peat constituents 

in post-depositional T l dynamics". The paper fulfilled these aims by providing novel data on 

the behaviour of Tl in peatlands and the use of Tl isotopes to understand the source and the 

stability of Tl in a peat profile. 

4.3.2. Thallium reactivity in an organic environment 

In peatlands and our model pot experiment, we observed the conservative nature of Tl . 

Surprisingly, Tl was less conservative than Pb. Our results showed that Sphalerite (ZnS) was 

the less stable Tl-containing sulphide compared to galena (PbS) and pyrite (FeS2) within the 

peat environment, and was responsible for T l mobilization into the peat. Increased Tl 

concentrations in the pore solutions were connected to increased Tl leaching from the ZnS. 

Interestingly, Zn concentrations remained stable and was leached from ZnS at a much lower 

rate than Tl, while being more mobile. The mobility of the elements followed as such Zn>Tl>Pb 

(Fig. 8). Increased mobility of Zn in peat profiles was confirmed by our results in section 7.2 

and by Weiss et al., 2007. While the conservative nature of Pb in peat was mentioned by 

Mihaljevic et al. (2006); Shotyk and Krachler (2004); Shotyk et al. (2017); Smieja-Krol et al. 

Samples that were treated with synthetic rainwater (SRW) led to increased elemental mobility. 

Sphalerite degradation and ultimate release of T l and Zn are strongly influenced by pH (acid 

promoted and oxidative leaching) (Robson et al., 2014). Thallium in the peat showed lower 

(2015). 

model 
peat 
solution 

mobility 
Zn»TI>Pb 

Figure 8. Graphical representation of the mobility of Tl , Zn and Pb in peat 
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concentration gradients in the topmost segment compared to the control, and SRW promoted 

the vertical migration of both Tl and Zn. Elevated Tl in peat pore solutions also displays very 

low levels of T l retention by peat (at least in the short term) (Jacobson et al., 2005a). The 

possibility of T1(I) to form complexes with organic ligands of fulvic/humic acids are low 

(Nriagu, 1998), therefore explaining the vertical migration of Tl in the peat profile under acid 

rain influence. However, while T l did not show any complexations with peat organic matter in 

our studies, Jacobson et al., (2005b) observed approximately 15% of T1(I) to form complexes 

with organic compounds. Therefore, the conservative nature of T l is attributed to T l mainly 

associating with exchange sites of the organic matter (Vaněk et al., 2013, 2016, 2018). 

The aims of the paper in section 7.4 were "verification of Tl geochemistry in a peat bog- A 

model experiment" and "assessment of the role of peat constituents in post-depositional Tl 

dynamics". The paper clearly fulfilled the aims by depicting the behaviour of Tl released from 

ZnS and the implications of acid rain on Tl and other PTE mobility within peatlands. As 

described above, the paper also describes the influence of the peat properties (pH, organic 

matter content) on the mobility of Tl . 

4.4. The use of Tl isotopes for source identification 

The use of Tl isotopes for source apportionment has been investigated by a handful of 

researchers. Kersten et al. (2014) published the first paper about Tl isotopes in soils and 

successfully used Tl isotopes in source identification. Since then, publications on a similar topic 

gradually increased, eg. Grósslová et al. (2018), Vaněk et al. (2018, 2020, 2021), Liu et al. 

(2020) and Zhou et al. (2022). 

The results compiled from all the mentioned research provide a database on Tl isotopic 

compositions of a range of materials and indicate the potentials and success of using Tl isotopes 

to determine the source of Tl into the environment. The data shows the heterogeneity between 

different materials and their T l isotopic composition, ranging from light to heavy Tl isotopes 

(Fig. 9). Nevertheless, it has also indicated the complications that can arise and could potentially 

'blur' the source signals. Such complications include the influence of soil properties, 

geochemical processes (sorption, precipitation) and the processing methods of waste materials 

in the case of anthropogenic contamination. The reason these changes could potentially affect 

the isotopic composition of a sample is because they lead to changes in the primary isotopic 

data, making it harder to trace. For example, the waste materials from Poland (Section 3, 4.2 

and 7.3) showed little to no Tl isotopic fractionation, which can make it difficult to precisely 

24 



pinpoint the source of T l in the environment, especially in areas with naturally high Tl 

background concentrations. 
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5. Conclusions 

The dissertation focused on an understanding of the behaviour of Tl and Tl isotopic systematics 

in various geosystems. This involved studying Tl in soils, peats and industrial processes. The 

dissertation focuses on answering theories about the key controls of Tl in soil, the mobility and 

stability of Tl in organic environments, and efficiency of Tl isotopes in source apportionment 

and understanding Tl behaviour. 

The key controls of T l mobility and fractionation in soils is attributed to the presence of 

micaceous clays (mainly illite) and Mn-oxides in the soil profile. The behaviour between Mn-

oxides and Tl has been studied before, and the results continue to validate the role of Mn-oxides 

in Tl enrichments and isotopic fractionation in soils. Continuous degradation of Mn-oxides and 

the redox reactions that occur with Tl , play a role in Tl enrichments. Thallium isotopic data was 

able to be used as a proxy for redox reactions in soils and to further confirm the specific sources 

of Tl within different horizons. 

In organic environments, Tl continues to behave conservatively, however, to a lesser extent 

than Pb, and shows no isotopic fractionation occurring within a peat profile, thus making it a 

suitable archive for monitoring trends of T l deposition. Nonetheless, when organic 

environments (especially contaminated) are affected by acid rain, sphalerite is less stable than 

other sulphides, and in turn controls the Tl fluxes into the peat. The increased acidity of organic 

environments also leads to increased Tl mobility. 

While most (but not all) of the research has shown that high temperature processes should lead 

to some isotopic fractionation, the research presented in this dissertation proves that while this 

may be case in many situations, it is not the rule. In such cases, the use of T l isotopes to 

distinguish specific waste materials as a source of contamination can become tricky and more 

complicated. 

The results show the use and application of Tl isotopes in a range of geosystems, while 

providing new knowledge on the behaviour of Tl and Tl fractionation within the pedosphere. 
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A B S T R A C T 

We studied the key geochemical and mineralogical factors that could affect the fractionation of stable 
thallium (Tl) isotopes in soil. A set of grassland soil samples enriched in geogenic Tl in combination with 
selected Tl-containing mineral materials from the Czech Republic (Kluky) were investigated for this 
purpose. The results demonstrate significant incorporation of Tl in pedogenic (specific) Mn-oxide, which 
led to a large accumulation of the heavy 2 0 5 T1 isotope (-+14 e 2 0 5 T l units), presumably resulting from 
oxidative Tl sorption. Consequently, we concluded that the Mn-oxide-controlled Tl uptake is the primary 
cause of the observed 2 0 5 T1 enrichment in the middle profile zone, at the A/B soil horizon interface, with 
up to +4 of e 2 0 5 T l . Furthermore, our results displayed a clear relationship between the Tl isotopic frac­
tionation degree and the Mn-oxide soil concentration (R 2 = 0.6), as derived from the oxalate-extractable 
data. A combination of soil and mineralogical considerations suggests that 2 0 5 T1 enrichment in respective 
soil samples is also partly due to the Tl present in micaceous clay minerals, mainly illite, which is the 
predominant pedogenic Tl host phase. In line with our previous results, this Tl behavior can be inferred 
from systematic Mn-oxide degradation and the associated Tl (enriched in 2 0 5 T1) cycling in the studied 
soils and thus, presumably in the redoximorphic soils in general. 

© 2020 Elsevier Ltd. Al l rights reserved. 

1. Introduction 

The geochemistry of thallium (Tl) is complex and poorly un­
derstood in some respects. This is mainly due to the combination of 
the lithophilic (in analogy to K) and chalcophilic properties of Tl 
and the associated contrasting effects (Peter and Viraraghavan, 
2005). In general, the variations of stable Tl isotopes ( 2 0 5T1 and 
2 0 3T1) may indicate specific chemical processes or chemical alter­
ations of Tl in soils (Howarth et a l , 2018; Kersten et al., 2014; 
Nielsen et al., 2017; Vaněk et al., 2016,2018). On the other hand, our 
recent results (Vaněk et al., 2020) demonstrate that Tl isotopic 
patterns may not necessarily reflect Tl speciation or mineralogical 
association in the soil but could even indicate redox-driven Tl 
cycling due to soil formation (or rock weathering). In naturally Tl-
rich soils at Buus (Switzerland), we observed exceptionally highly 

* This paper has been recommended for acceptance by Bernd Nowack. 
* Corresponding author. 

E-mail address: vaneka@af.czu.cz (A. Vanek). 

https://doi.Org/10.1016/j.envpol.2020.114822 
0269-7491/© 2020 Elsevier Ltd. All rights reserved. 

positive e Tl factors in the B soil horizons (~+8), up to 7 units 
higher relative to the local bedrock or altered Tl ore (Vaněk et al., 
2020). Illite and possibly other micaceous clay minerals have 
been shown to be predominant Tl-containing phases, for which, 
however, any isotopic fractionation attributable to "secondary" Tl 
uptake is unlikely, i.e., principally due to the charge equilibrium for 
Tl sorption. Therefore, the preliminary conclusion was that this 
2 0 5 T1 enrichment resulted from systematic (long-term) Tl mobili­
zation and immobilization cycles involving T1(I)<->T1(III) shifts, 
although with no specific link to the actual speciation data. 

In the southern part of the Czech Republic (approximately 
80 km S of Prague), near the village Kluky, is an area with elevated 
background levels of Tl in the soils (Vaněk et al., 2009). This 
geochemical anomaly is a result of Paleozoic granites containing 
silicate minerals enriched in Tl. In local soils, muscovite and/or 
illite, K-feldspar in combination with secondary Mn-oxide(s) were 
found to be major phases hosting Tl (Vaněk et al., 2009). 

This study was performed to characterize the key geochemical 
and mineralogical factors that may affect the fractionation of stable 
Tl isotopes in soils. For this purpose, a complete (fully-developed) 

http://www.elsevier.com/locate/envpol
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soil profile was sampled at Kluky. Al l soil samples were tested for 
their physicochemical and mineralogical properties, Tl chemical 
fractionation (using simple extractions) and stable Tl isotopic 
ratios. In addition, the soil data were supplemented with the Tl 
isotopic data on different Tl-containing (reference) materials, 
which correspond to various pedogenic stages of Tl. 

2. Materials and methods 

2.1. Soil sampling 

The study area (Kluky) can be found in Fig. 1. Except for the 
geogenic origin of Tl, there is no evidence for any important 
anthropogenic Tl inputs in the area (Vaněk et al., 2009). All soil and 
reference Tl-containing samples (namely, bedrock, K-feldspar, soil 
clay and Mn-oxide-rich nodules) were collected from a well-
developed grassland soil profile (GPS coordinates: N 49.305443; E 
14.232777) (Fig. 1). The soil profile was properly sampled from a 
~1 x 1-m-wide pit (Fig. 1). Al l soil samples were dried, sieved to the 
<2-mm fraction and homogenized. In relation to the redox-
imorphic nature of local soils, the studied soil profile was charac­
terized as an Eutric Stagnic Cambisol (Loamic, Ochric), according to 
FAO. The clay material was isolated by an accurate (time-depen­
dent) sedimentation of soil particles in H2O suspension (>24 h) 
(Gee and Bauder, 1986) and the Mn-oxide material, forming nod­
ules (and coatings), was separated manually. 

2.2. Soil properties 

The soil pH was measured in both H2O and K G solutions (1:5, v/ 
v). The total carbon/sulfur concentrations (TC, TS) were measured 
by a CNS analyzer (Flash, 2000; Thermo Scientific, Germany). For 
the soil cation exchange capacity (CEC), the method of BaCl2 satu­
ration (0.1 M) was used (ISO 11260:1994). The acid oxalate 
extraction (0.2 M ammonium oxalate/oxalic acid at pH 3) was 
performed to quantify the approximate amount of amorphous/ 
poorly-crystalline Fe-oxides/Mn-oxides and the associated Tl con­
tent (Pansu and Gautheyrou, 2006). The soil extraction with 1 M 
NH4NO3 was conducted to quantify the exchangeable soil Tl 

concentration, i.e., at the 1:2.5 ratio (2 h). For the particle size 
distribution and the content of soil clay, an accurate (time-depen­
dent) sedimentation was used (Gee and Bauder, 1986). 

X-ray diffraction (XRD) (X'Pert Pro X-ray diffractometer, the 
Netherlands) was used to identify all bulk sample, soil clay and 
oxide mineralogy, i.e., under the following analytical conditions: 
CuKa radiation, 40 kV, 30 mA, step scanning at 0.01°/200 s in the 
range 5—70° 29, in combination with X'Pert HighScore software 1.0 
and theJCPDS PDF-2 database. 

In order to measure major and trace element concentrations in 
soil, bedrock and mineral samples, a finely-ground mass of 
0.2-0.5 g was dissolved in a mixture of H F / H N 0 3 / H 2 0 2 (Merck, 
Germany) in 60-mL PTFE beakers (Savillex, USA) (48 h, 150 °C). Al l 
the concentrations were determined in three replicates using a 
combination of inductively coupled plasma optical emission and 
quandrupole-based mass spectrometers (ICP-OES; Q-ICP-MS — 
iCAP 6500, Thermo Scientific, UK; Q-ICP-MS, Xseries II, Thermo 
Scientific, Germany). The SRM 2711 (NIST, USA) was employed for 
the quality control (Table SI, Supplementary Material). 

2.3. Thallium isolation 

The Tl solutions were obtained by separation using two-stage 
chromatography employing Bio-Rad AG1-X8 (an anion exchange 
resin; 200—400 mesh; Cl~ cycle), with HBr absent for the whole 
procedure. The obtained TI-rich fractions were evaporated and 
dissolved in 0.1 M HCI (after the first stage of extraction) and then 
the whole process was repeated to obtain Tl solutions containing no 
Pb. Complete information about the Tl isolation in the dissolved 
samples or specific soil extracts is available in our previous publi­
cations (Grósslova et al., 2018; Vaněk et al., 2016, 2018, 2020). 

2.4. Thallium isotope measurement 

Complete information about the determination of Tl isotopic 
ratios in all the studied samples, as well as the analytical conditions, 
being consistent with Prytulak et al. (2013), are described in detail 
in the Supplementary Material. 

Fig. 1. The soil sampling site (GPS coordinates: N 49.305443; E 14.232777) and the studied grassland soil profile (Eutric Stagnic Cambisol, Loamic, Ochric) with the Paleozoic granite 
as a bedrock. 
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3. Results and discussion 

3.1. Soil characterization 

The physicochemical properties of the individual soil samples 
are given in Table 1. The soil profile can be described by a medium 
portion of the clay fraction (10—21%) (loam or sandy loam, FAO), 
medium to increased CEC (i.e., in relation to sandy soils), with 
maximum values in the bottom soil horizons (Bw3, Bwg, C) 
(-30 cmol (+)/kg), and a slightly acidic pH range (-5.5 in H2O so­
lution). Regarding the TC contents, the organic and organo-mineral 
horizons (Oi, Ah) accounted for 1—25%, in contrast to the low TC 
levels in the mineral horizons (<0.4%). In accordance with the 
redoximorphic feature of the soil profile (Fig. 1), we observed a 
peak in the oxalate-extractable Fe and M n concentrations at the Ah/ 
Bw horizon interface, suggesting local enrichment in readily 
degradable Fe/Mn-oxides (Table 1). 

The mineralogy of the bulk samples according to XRD was 
dominated by quartz (S1O2), K-feldspar and plagioclase (KAISÍ3O8, 
NaAlSisOg) (Fig. 2). The minor phases were muscovite ( K . A ^ A l -
SÍ3O10) (F,OH)2) or illite ((I<,H30)Al2(Si,Al)40io(OH)2), amphibole 
(Ca2(Mg,Fe,Al)5(Si,Al)8022(OH)2) and chlorite ((Mg,Al)6(Si,A-
l)40io(OH)8). The analysis of the sample of soil clay revealed the 
presence of illite, kaolinite (Al2SÍ205(OH)4), chlorite and mixed-
layered chlorite/smectite (Fig. 2). In the isolated Mn-bearing nod­
ules, XRD indicated the presence of amorphous (poorly-crystalline) 
Mn-oxide (AMO) (Fig. 2). Considering the earlier data on the 
speciation of Fe and M n oxides in the Kluky soils using the vol-
tammetry of microparticles (VMP) (Vaněk et al., 2009), Mn(III,IV)-
oxide aggregated with specific Fe(III)-oxides, ferrihydrite and 
goethite (5Fe203-9H20, a-FeOOH), all represent the major pool of 
soil oxides (Fig. SI, Supplementary Material). The peak potential (E) 
of the Mn-oxide, however, did not correspond to common 
Mn(III,IV)-oxide typical for soils, which generally have the E -0.5 V 
vs. SCE (Vaněk et al., 2009). An analogous E was reported only for 
pyrolusite (|3-Mn02) (Bakardjieva et al., 2000), which, however, is 
usually absent in soils (O'Reilly and Hochella, 2003). 

3.2. Thallium concentrations and extractability in the soil profile 

The vertical trends of total, oxalate-extractable and 

exchangeable TI concentrations and proportions in the studied soils 
are presented in Table 1 and Fig. 3. The soil profile demonstrated a 
gradual increase in the total TI concentration with a peak in the 
Bwg horizon (3 mg/kg), followed by a significant decline for the C 
horizon (parent material) and the bedrock sample (<2 mg/kg). This 
pattern, which in turn, did not correspond to any data on "labile" TI 
fractions, makes it possible to tentatively infer the dynamics of TI 
processes (including the redox-controlled processes) and associ­
ated migration and/or redistribution effects during pedogenesis. 
For example, the vertical distribution of clay particles and its 
maximum in the Bwg horizon (21%) indicate that soil TI enrichment 
may be due to clay/illite accumulation within the soil profile (Vaněk 
et al., 2020; Voegelin et al., 2015; Wick et al., 2018), in accordance 
with the TI concentration for the separated clay fraction (3.4 mg/kg) 
(Table 1). 

Although the concentrations of both exchangeable and oxalate-
extractable TI fractions were generally low (0.02—0.05 mg/kg), 
corresponding to only of -1—4% of the total soil TI, there was a 
distinct peak in the subsurface Ah2 horizon, which resembled the 
patterns of oxalate-extractable M n (and Fe) (Table 1, Fig. 3). In 
combination with the mineralogical data, our results point to a low 
mobility of TI, which can correspond to TI incorporated into silicate 
phases, presumably the mica-type/clay minerals, such as illite (or 
eventually to K-feldspar) and in parallel to the association of minor 
TI amounts with secondary soil oxides (Aguilar-Carrillo et al., 2018; 
Gomez-Gonzalez et al., 2015; Grosslova et al., 2018; Jakubowska 
et al., 2007; Liu et al., 2016, 2019; Vaněk et al., 2009, 2020; 
Voegelin et al., 2015; Wick et al., 2018). Due to the very low TI 
sorption efficiencies of Fe(III)-oxides (Jacobson et al., 2005; Vaněk 
et al., 2010, Vaněk, 2012), the detected Mn(III,IV)-oxide is 
assumed to dominate the retention of oxalate-extractable soil TI 
(Table 1, Figs. 2 and 3) (see sections below). If we consider that the 
majority of the M n released in the oxalate extraction (-25 g/kg) 
(Table 1) corresponds to the Mn-oxide itself with -8—9 mol Mn/kg 
(-450 g Mn/kg) (Vaněk et al., 2010; Wick et al., 2019), without any 
redistribution effects, the approximate Mn-oxide concentration in 
the tested nodules accounts for only -5% of the total solid (nodule) 
composition (Fig. 2). The molar Tl 0 xai /Mn 0 xai ratios in this sample 
and in the individual soil horizons spanned a small range of 
-0.00002-0.00005 (mol/mol) (Table 1). These values indicate 
relatively stable TI loadings of the Mn-oxide in all the tested 

Table 1 
Physicochemical characteristics and total (T1TOT). oxalate-extractable (Tl o x a l) and exchangeable (Tl e x c h ) TI concentrations and TI isotopic signatures (e 2 0 5Tl) in the studied soil 
and selected Tl-containing samples (bedrock, K-feldspar, soil clay, Mn-oxide-rich nodules) and the standard reference material. 

Sample/ Depth PH clay TC TS CEC Aloxal Fe o x a i M n o x a i Tloxal Tl 0xai/Mn o x ai TITOT Tlexch e 2 0 5 Tl + 0.7 

Soil Horizon (cm) H 2 0 KCl (%) (%) (cmol+/kg) (mg/kg) (mol/mol) (mg/kg) (mg/kg) 

Oi 1-0 - - - 25.3 0.42 - - - - - - 0.62 + 0.14 - +1.96 
Ahl 0-10 5.4 4.5 11.3 3.8 0.10 19.3 1220 4730 314 0.02 0.00002 1.29 ± 0.06 0.02 +1.25 
Ah2 10-20 5.5 4.4 10.4 0.9 0.02 15.8 1110 4800 397 0.03 0.00002 1.32 ± 0.02 0.05 +4.03 
Bwl 20-30 5.6 4.4 15.7 0.3 0.01 14.5 1080 5390 427 0.04 0.00002 1.51 +0.14 0.04 +3.72 
Bw2 30-40 5.6 4.3 15.5 0.2 0.02 13.3 792 4350 303 0.03 0.00002 1.83 + 0.02 0.04 +3.48 
Bw3 40-50 5.9 4.1 17.1 0.3 0.01 30.0 892 4250 261 0.03 0.00003 2.65 + 0.28 0.03 +2.69 
Bwg 50-60 5.6 4.0 21.4 0.4 0.01 35.8 808 4120 175 0.03 0.00004 2.95 + 0.16 0.04 +0.02 
C 60- 5.5 4.0 - 0.1 0.01 31.5 881 4320 151 0.03 0.00005 1.99 + 0.10 0.04 +1.52 

Bedrock/granite - - - - - - - - - - - 1.34 + 0.08 - +1.60 
K-feldspar - - - - - - - - - - - 2.12 + 0.12 - +1.39 
Soil clay - 5870 593 0.10 0.00004 3.35 + 0.20 - +4.57 
Mn-oxide nodules 1750 8590 25,600 1.91 0.00002 - - +14.4* 
Mn-oxide nodules - - - - - - - - - - - 4.98 + 0.40 - (+8.17) 

AGV-2 - - - - - - - - - - - 0.27 + 0.02 - -3.10 

The total TI concentrations (2 SD level, n = 3); the data on oxalate-extractable and exchangeable Tl/metal fractions (n = 3, RSD <10%). The e 2 0 5 Tl results: universal error +0.7 
e 2 0 5 Tl (2 SD). *The e 2 0 5 Tl value for the Mn-oxide nodules — the oxalate extract; the e 2 0 5 Tl value in the brackets — totally digested sample. CEC: cation exchange capacity; TC: 
total carbon; TS: total sulfur; - : not determined. 



4 K. Vejvodova et al. / Environmental Pollution 265 (2020) 114822 

Qtz 

Chi § Am p| 

Chi 

AMO § 

—I 1 1 1 1 1 1 1 1— 
10 20 30 40 50 

29 O 
60 70 

Fig. 2. X-ray diffraction patterns of the bulk soil sample (mixed Bw horizon) (a), the separated soil clay (b), and the Mn-oxide-rich nodules (c). Mineral abbreviations: Am, 
amphibole; AMO, amorphous manganese oxide; Chi, chlorite; Chl/S, mixed-layered chlorite/smectite; 111, illite; Kfs, K-feldspar; Kin, kaolinite; Ms/Ill, muscovite and/or illite; PI, 
plagioclase; Qtz, quartz. Identification of mixed-layered chlorite/smectite is based on the ethylene glycol solvation. Optical micrographs of Mn-oxide-rich nodules and coatings (d). 

samples, as well as minimum changes (if any) in the oxide speci-
ation or Tl sorption efficiency over the entire soil profile. The 
calculated model Tl loading for such a Mn-oxide with -40 mg Tl/kg 
oxide thus indicates a medium level of Tl saturation (Vaněk et al., 
2020; Voegelin et al., 2015; Wick et al., 2019). Nevertheless, the 
predicted oxide-associated Tl load is much lower (of one/two or­
ders) compared to soils developed from rocks that host Tl in some 
type of sulfide mineralization (Hermann et al., 2018; Karbowska 
et al., 2014; Vaněk et al., 2020; Voegelin et al., 2015; Xiao et al., 
2004, 2012). This is because the weathering of Tl-containing sul­
fides is characterized by large Tl fluxes, accompanied by extreme 

loads and Tl incorporation into the newly-formed pedogenic pha­
ses. Thallium(I)- and also Tl(III)-containing oxides and sulfates 
represent typical alteration products (avicennite, birnessite, jar-
osite, etc.) (Aguilar-Carrillo et al., 2018; Garrido et al., 2020; Gomez-
Gonzalez et al., 2015; Hermann et al., 2018; Voegelin et al., 2015; 
Xiao et al., 2004). 

3.3. Thallium isotopic signatures in the soil profile 

The Tl isotopic results in our soils and the Tl-containing (refer­
ence) samples are shown in Table 1 and Fig. 3. The soil profile 



K. Vejvodova et al. / Environmental Pollution 265 (2020) 114822 5 

TL TOT (mg/kg) 

2 4 

£
205

TI 

2 4 0 

TI 0 Xa/TIT 0 T 

0.02 0.04 0 
"̂ exch/T^TOT 

0.02 0.04 0 

Mno x a l/MnT O T  

0.5 1.0 

Fig. 3. Vertical patterns of total Tl concentrations (T1TOT). Tl isotopic signatures (e205Tl) and the proportions of oxalate­extractable and exchangeable Tl or Mn fractions relative to 
total element concentrations in the studied soil profile. All concentration data correspond to mean values (n = 3). 

showed a significant variability in the Tl isotopic signature. We 
identified a positive peak in the middle zone of the profile, between 
the Ah2 and Bw horizons, with the e 2 0 5 TI factors of +3.5 to +4. The 
Tl signatures in the uppermost and the bottom soil horizons (Oi, 
A h l , Bwg, C), by contrast, showed markedly lighter Tl (e 2 0 5 TI ~0 
to +2), similar to that of the bedrock (e 2 0 5 TI +1.6) or local K­feldspar 
(e 2 0 5 TI +1.4). The observed Tl isotopic data for the Oi or Ah horizons 
did not indicate any trend that could be attributed to enhanced 
2 0 3 T I uptake by vegetation, as could be possibly expected (Kersten 
et al., 2014). The Tl isotopic fractionation effects which may be 
responsible for the highly negative e 2 0 5 TI values in the biomass are 
generally related to Tl uptake from more significant Tl pools in soil/ 
soil solution (Rader et al., 2019; Vaněk et al., 2019), i.e., where 
important Tl fluxes potentially take part in biogeochemical 
processes. 

The bedrock/feldspar e 2 0 5 TI factors can be thought as a primary 
Tl isotopic reference, which is related to Tl present in aluminosili­

cates, mainly K­phyllosilicates and feldspars (Vaněk et al., 2009). 
These Tl isotopic records were consistent with the e 2 0 5 TI patterns 
reported by Rader et al. (2018) for a large set of hydrothermal sil­

icate minerals. The increase in e 2 0 5 TI in the samples of soil clay 
(+4.6) and bulk Mn­oxide nodules (+8.2) (Table 1) suggests sig­

nificant Tl isotopic shift due to the alteration of soil Tl as affected by 
pedogenesis, where redox­driven Tl cycling presumably plays a key 
role. Conversely, the rapid decrease in e 2 0 5 TI (~0) in the Bwg hori­

zon is in accordance with the presence of the isotopically heavier Tl 
fraction in the overlying layers (Ah2, B w l , Bw2), indicating pref­

erential leaching of the lighter 2 0 3 T I isotope and its subsequent 
sorption by pedogenic phases in the bottom soil horizon (Bwg) 
(Fig. 3). 

3.4. Key geochemical processes controlling Tl isotopic fractionation 
in soil 

By combining the e 2 0 5 TI soil data with the trends in oxalate­

extractable and exchangeable Tl (and Mn) fractions, we attributed 
the heavy Tl isotopic enrichment in the soil to preferential sorption 
of the 2 0 5 T I isotope by the Mn­oxide (Fig. 3). Another evidence for 
the heavy Tl isotopic shift is provided by a linear (positive) rela­

tionship (R 2 = 0.6) between the 1/Mn (extracted in the oxalate 
solution) and the Tl isotopic records determined for all the soil 
horizons and the soil clay sample (Fig. 4), indicative of the M n ­

oxide­induced fractionation of Tl isotopes. This type of expression 
displays the relationship between the degree of the Tl isotopic 
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Fig. 4. Thallium isotopic signatures of the soil horizons and the separated soil clay as a 
function of inverse oxalate­extractable Mn concentrations. Red and green squares in 
the inset depict Tl isotopic signatures of the oxalate extract and the dissolved sample of 
the Mn­oxide­rich nodules, respectively. The linear function and the R2 value were 
obtained using only soil and clay sample data. An universal error of +0.7 (2 SD) is 
assigned to the Tl isotopic soil data. The Mn data correspond to the mean values 
(n = 3). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 

fractionation and the Mn­oxide concentration in the soil. Although 
the affinity of Tl to Mn­oxides in soils/sediments and associated 
positive isotopic effects have been mentioned several times 
(Howarth et al., 2018; Kersten et al., 2014; Peacock and Moon, 2012; 
Rehkámper et al., 2002, 2004; Vaněk et al., 2016, 2018), TI(III) 
species are probably the dominant source of heavy 2 0 5 T I isotope 
enrichment, if present in the alteration product (Schauble, 2007). 
Nielsen et al. (2013) documented a significant accumulation of the 
sorbed 2 0 5 TI­r ich fraction onto the surface of model K­birnessite, 
where the degree of fractionation equaled as much as 1.0015. This 
phenomenon was demonstrated mainly for the oxidative Tl sorp­

tion, being in accordance with the X­ray absorption data obtained 
by Wick et al. (2019). Thallium could also be fixed by Mn­oxides 
normally, i.e., absent Tl oxidation (Nielsen et al., 2013; Vaněk 
et al., 2010); however, this type of Tl sorption should not cause 
significant fractionation of Tl isotopes (Nielsen et al., 2013; 
Schauble, 2007). 
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Since the Mn-oxide nodules exhibit large e Tl factors of ~+14 
and + 8 for the oxalate extract and totally digested sample (Table 1), 
respectively, they fall within the range of high e 2 0 5 T l records 
observed in modern sedimentary (seawater or terrestrial) crusts/ 
nodules rich in Fe and M n oxides; they typically span a range of 
~+10 to +15 (Nielsen et al., 2017; Rehkámper et al., 2002,2004). We 
assume that the oxidative Tl sorption by the Mn-oxide in our soils is 
the major process related to the retention of the oxalate-extractable 
soil Tl. In that case, it can be estimated that the cumulative e 2 0 5 T l 
shift for the bulk soil samples and the soil clay would reach "only" 
-+0.3 and -+0.8 (in maximum), respectively. However, if we use 
the clay sample as a reference ( e 2 0 5 T l +4.6) for the mass balance 
estimation, the resulting calculated model Tl isotopic shift for the 
clay fraction in the individual soil horizons would account for up 
to +1 e 2 0 5 T l unit, which corresponds to 10—21% of the total soil 
particle distribution. Taking into account the oxalate-extractable Tl 
and M n concentrations in the clay sample (0.1 mg/kg), it is evident 
that an appropriate part of the isotopic signature, although 
unquantified, reflects the e 2 0 5 T l of authigenic Mn-oxide (~+14), 
thus being a clay constituent (Table 1). 

It should be noted that Tl adsorption onto clay minerals is not 
associated with any reduction and oxidation reactions. As a simple 
process linked with the monovalent T1(I)—K(I) ion exchange it 
should not exhibit a significant Tl isotopic effect (Schauble, 2007). 
The role of Mn-oxide in the Tl isotopic fractionation has been 
proven and it is clearly the key factor that controls the isotope 
dynamics in the studied soils. However, model calculations (using 
oxide-related Tl isotopic shifts) and the limited Tl amount present 
in the oxide fraction (oxalate-extractable Tl concentration) suggest 
that the bulk Tl isotopic variations may be affected by clay minerals, 
mainly illite. Since illite presumably dominates quantitative Tl 
sorption in the studied soils, the origin of the increased e 2 0 5 T l 
values observed in the respective Ah and Bw horizons should, at 
least to some degree, inherit the isotopic signature of the Mn-oxide. 
In our opinion, the isotopically heavy Tl could also enter into the 
structure of K-phyllosilicates, considering systematic redox Tl 
cycling typical for the redoximorphic soils. Continuous 2 0 5 T1 
enrichment in Mn-oxide(s), their degradation accompanied by the 
mobilization/immobilization of the relatively heavier Tl isotope 
fraction due to abrupt (cyclic) Eh decline, for instance in a H2O-
saturated soil profile, can be reasonably assumed. Although, this 
would apparently happen at low T1(I) fluxes and/or limited Tl-
silicate loadings. In other words, the capturing of Tl by pedogenic 
silicates as a mechanism itself would not be the direct control for 
the accumulation of the heavy isotopic fraction. Our previous study 
on the Tl geochemical anomaly at Buus (Switzerland) demonstrates 
that this is most likely the cause of the positive anomalies in e 2 0 5 T l 
factors in the B soil horizons, unrelated to Tl speciation patterns 
(Vaněk et al., 2020). 

4. Conclusions 

This study combines an accurate detection of stable Tl isotope 
ratios with Tl data from chemical extractions, physicochemical and 
mineralogical analyses conducted in Tl-containing soils and 
selected mineral (reference) materials. The results show that Tl 
incorporation in the pedogenic Mn(III,IV)-oxide, forming nodules, 
led to a substantial enrichment in the 2 0 5 T1 isotope, corresponding 
to ~+14 e 2 0 5 T l units. As such, this is probably due to oxidative Tl 
sorption. Overall, we conclude that Mn-oxide-controlled Tl uptake 
is the primary cause of the enrichment in 2 0 5 T1 observed in the 
middle profile zone, at the A/B soil horizon interface, accounting for 
up to +4 of e 2 0 5 T l for bulk samples. In addition, our results docu­
ment a relationship between the Tl isotopic fractionation degree 
and the soil Mn-oxide concentration, as can be simply derived from 

the oxalate-extractable data. By combining soil and mineralogical 
data, we suggest that 2 0 5 T1 enrichment in respective soil horizons is 
partly due to Tl present in specific clay phases, i.e., mainly illite, as 
inferred from the redoximorphic nature of the tested soil samples, 
and the systematic (redox-driven) Mn-oxide degradation and Tl 
(enriched in 2 0 5T1) cycling. 
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Vertical profiles of Tl, Pb and Zn concentrations and Tl and Pb isotopic ratios in a contaminated peatland/fen 
(Wolbrom, Poland) were studied to address questions regarding (i) potential long-term immobility of Tl in a peat 
profile, and (ii) a possible link in Tl isotopic signatures between a Tl source and a peat sample. Both prerequisites 
are required for using peatlands as archives of atmospheric Tl deposition and Tl isotopic ratios as a Tl source 
proxy. We demonstrate that Tl is an immobile element in peat with a conservative pattern synonymous to that of 
Pb, and in contrast to Zn. However, the peat Tl record was more affected by local geogenic source(s), as inferred 
from the calculated element enrichments. The finding further implies that Tl was largely absent from the pre-
industrial emissions (>~250 years BP). The measured variations in Tl isotopic ratios in respective peat sam­
ples suggest a consistency with major local source(s) of anthropogenic Tl ( e 2 0 5 Tl between ~ -3 and —4), as well as 
with background Tl isotopic values in the study area (e 2 0 5 Tl between ~0 and —1), in line with detected 
2 0 6 p b / 2 0 7 p b r a t i o s ( 1 > 1 6 _ i . i 9 ) . Therefore, we propose that peatlands can be used for monitoring trends in Tl 
deposition and that Tl isotopic ratios can serve to distinguish Tl sources. However, given that the studied fen has 
a particularly complicated geochemistry (attributed to significant environmental changes in its history), it seems 
that ombrotrophic peatland(s) could be better suited for this type of Tl research. 

1. Introduction 

Due to their organic nature, peatlands behave as efficient scavengers 
of trace elements from the atmosphere (e.g., Cabala et al. , 2013; De 
Vleeschouwer et al. , 2009, 2020; Farmer et al. , 2006; Fialkiewicz-Koziel 
et al. , 2018, 2020; Kylander et al. , 2005; Shotyk et al. , 1992,1996,1998, 
2001, 2016a, 2017; Shotyk and Krachler, 2004; Smieja-Krol and 
Bauerek, 2015; Smieja-Krol et al. , 2015, 2019; Weiss et al. , 1999, 2002, 
2007). Regarding pollutant capture i n peatlands, both physical and 
chemical mechanisms of binding have to be considered. This is a result 
of the gradual degradation of dust microparticles accompanied by 
element leaching and retention onto the organic matter (OM) or even 
coprecipitation (Cabala et al. , 2013; Smieja-Krol et al. , 2010, 2015). 
There are a number of studies on trace element variations in peat profiles 

which demonstrate that peatlands (both bogs and fens), due to their 
sedimentary character, can be used to trace changes in atmospheric 
deposition, albeit wi th some limitations for specific elements and envi­
ronmental conditions (Mihaljevic et al. , 2006; Novak et al. , 2008; Novak 
and Pacherova, 2008; Shotyk et al. , 2000; Zuna et al. , 2011, 2012). In 
general, peatlands cannot serve as efficient archives for elements which 
are mobile and tend to migrate through the peat layers (Smieja-Krol and 
Bauerek, 2015; Weiss et al . , 2007). 

To our knowledge, there is only l imited information about the 
geochemistry of thall ium (Tl) in peatlands (Shotyk and Krachler, 2004; 
Shotyk et al. , 2017; Smieja-Krol et al. , 2015), in fact, nothing is known 
about the behavior of its isotopes in this geosystem. In Upper Silesia in 
southern Poland there are several smaller peatlands. One of them is 
situated at Wolbrom, a town that has been subjected to long-term 
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deposition of trace elements, including T l , caused by sulfide ore min­
ing/processing. This type of activity is among the most significant 
local/global sources of anthropogenic T l in the environment (e.g., 
Aguilar-Carril lo et al. , 2018; Garrido et al. , 2020; Gomez-Gonzalez et al. , 
2015; Lis et al . , 2003; L iu et al. , 2016, 2019, 2020a, 2020b; Lukaszewski 
et al . , 2018; Wang et al. , 2018, 2021; Xiao et al. , 2004a, 2004b, 2012). 

In this study, we report combined T l , Pb and Zn concentrations and 
the Tl and Pb isotopic data from two contaminated peat profiles so that 
the following fundamental questions can be addressed, (i) Is Tl immobile 
in peat in the long term? (ii) Do T l isotopes fractionate over post-
depositional dust alteration and/or T l adsorption? (iii) Do peatlands 
behave as efficient archives of atmospheric T l pollution - can T l isotopic 
signatures serve as proxies for T l sources in peat, i.e., similar to Pb? 

2. Experimental 

2.1. Study site characterization and peat sampling 

The studied peatland is situated at Wolbrom, a town i n Upper Silesia 
(Si les ian-Kraków region), southern Poland (GPS coordinates: N 
50.376220, E 19.780626) (Fig. 1). The area is relatively small ( - 1 0 0 0 x 
500 m), it is characterized by a mean annual temperature of ~ 7 °C and 
—700 mm/year precipitation. The botanical analysis revealed numerous 
remains of Carex and Phragmites species (e.g., Carex rostrata and 
Phragmites australis), proving that the peatland is a fen (Paweiczyk et al. , 
2017). However, due to recent urbanization in Wolbrom (Fig. 1), the 
original fen vegetation suffers from degradation in several habitats; 
alder and birch in combination wi th Molinietalia communities or Nar-
do-Callunetea swards represent the prevailing secondary plant species 
(Latatowa and Nálepka, 1987). The total peat thickness is up to 260 cm 
and the peat is generally assigned a good stability (Paweiczyk et al. , 
2017). Tudyka and Pazdur (2012) report that the oldest peat sections at 
Wolbrom date back to - 9 9 0 0 BC. 

The Wolbrom peatland has been contaminated by atmospheric 
fallout rich i n trace elements including Zn, Pb and T l , due to nearby 
mining/processing of Tl-rich Zn-Pb sulfide ores (ZnS and PbS; M V T 
deposit type) at Olkusz, situated —20 k m SW (Fig. 1). Being operational 
since 1952, the local Boleslaw Zn plant (primary/secondary Zn smelter) 
is considered the prevailing modern source of Tl/trace element 
contamination i n the area (Cabala and Teper, 2007; Vaněk et al. , 2011, 
2013). Nevertheless, mining-related activities and even 
metal-containing dust loads derived from local flotation tailing dams 

both have to be considered as a decades-long source of T l remobiliza-
tion/deposition (Jakubowska et al. , 2007; Karbowska et al. , 2014; Lis 
et al . , 2003; Lukaszewski et al . , 2018). Furthermore, it should be noted 
that first metal extractions in the region, mainly silver and lead, are 
documented by archeologists and date back to both Roman and medi­
eval periods (Bodnar and Rozmus, 2004; Cabala et al. , 2013; Rozmus, 
2014). 

In this study, we sampled one complete peat profile (0-110 cm, á 2 
cm, 55 samples) and one shallow profile (0-40 cm, á 2 cm, 20 samples) 
from —0.5 x 1 m-wide pits in November 2019 (Fig. 1). The latter 
(incomplete) profile was sampled for comparison, so that the concen­
tration trends of trace elements for the contaminated section could have 
been verified. The samples were stored in PE bags, then dried to a 
constant weight and properly homogenized in the laboratory. The un­
derlying mineral layers (rocks) bordering the peat column, represented 
by Quaternary clayed sand (120-150 cm) and Cretaceous (Turonian) 
chalk rock (>150 cm), were sampled by dri l l ing. It should be empha­
sized that we revealed a marked compaction of peat during core sam­
pling and that was the reason why we decided to collect peat samples 
manually. 

For the isotopic tracing of T l and Pb, we used the isotopic records 
from respective industrial and natural samples (Table 1). These mate­
rials involve: (i) massive Pb ore (PbS) (adopted from Vaněk et al. , 2011); 
(ii) Zn ore concentrate (ZnS) from the Olkusz mine, produced by flota­
tion; (iii) Reflot - Zn /Pb ore concentrate (ZnS + PbS), produced by mine 
waste recycling (flotation); (iv) modern fly ash and slag - waste mate­
rials derived from Zn roasting/Waelz technology (Boleslaw Zn plant), i . 
e., by roasting different recyclable Zn-rich materials (adopted from 
Vaněk et al. , 2018); (v) modern granulated waste - a complex mixture of 
materials from pyro- and hydrometallurgy (adopted from Vaněk et al. , 
2018); (vi) Larox sludge - waste from the wet filtration of ZnS04 elec­
trolyte wi thin the hydrometallurgical process. This material is a waste 
product from the ini t ial feed, which consists of —50% of local ZnS 
(Olkusz mine). A t this point it should be noted that old processing wastes 
are not available, therefore we could study only the available modern 
materials. As far as the geogenic T l is concerned, the isotopic data 
relating to the underlying rocks were used as a background reference 
(Table 1). 

2.2. Peat properties 

The soil p H (active and potential) was measured in H2O /KCI 

Fig. 1. The peat sampling site (GPS coordinates: N 50.376220, E 19.780626); the studied peat profile. 
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Table 1 
The physicochemical properties, total and exchangeable Tl concentrations (T1TOt> TIexch ) and the Tl and Pb isotopic signatures (in e 2 0 5 T l , 2 0 6 P b / 2 0 7 P b ) in peat samples 
(<40 cm) from the main/complete peat profile (0-110 cm), the underlying mineral layers/rocks (>120 cm) and the reference ore/waste materials. 

Sample/ Depth Age Date pH Density LOI TC* TS* CEC TITOT TIEXCH* E205 T 1 206p b / 207 p b 

Layer (cm) H 2 0 KCl (g/ 
cm 3) 

(%) (%) (cmol+/ 
kg) 

(mg/kg) (mg/ 
kg) 

±0.7 

1 0-2 2016 ± 4 AD 4.3 4.2 - 74.3 40.7 0.5 99 0.71* 0.11 - 1.1792 
2 2-4 2009 ± 5 AD 4.2 3.9 0.21 76.9 38.7 0.5 96 0.72 0.12 - 1.1759 
3 4-6 2004 ± 5 AD 3.8 3.8 0.21 75.2 38.2 0.5 96 0.76 0.13 -3.09 1.1742 
4 6-8 1998 ± 6 AD 3.9 3.8 0.25 72.7 36.9 0.5 96 0.84 0.11 -2.30 1.1641 
5 8-10 1991 ± 7 AD 4.2 3.8 0.25 74.0 37.3 0.5 93 0.80" 0.12 -2.78 1.1712 
6 10-12 1981 ± 8 AD 4.1 3.8 0.29 - 36.9 0.5 95 0.82 - -3.57 1.1658 
7 12-14 1971 ± 10 

AD 
4.3 3.9 0.29 - 38.6 0.5 103 0.72 - -3.16 1.1707 

8 14-16 1962 ± 12 
AD 

4.5 4.1 0.29 - 38.5 0.5 98 0.51 - - 1.1651 

9 16-18 1954 ± 13 
AD 

4.8 4.3 0.29 - 40.3 0.5 98 0.41 - - 1.1706 

10 18-20 1946 ± 14 
AD 

4.8 4.3 0.29 - 40.3 0.6 102 0.48 - - 1.1773 

11 20-22 - 4.9 4.3 0.28 - 39.2 0.6 96 0.48 - - 1.1750 
12 22-24 - 4.9 4.4 0.28 - 42.5 0.6 103 0.36 - - 1.1750 
13 24-26 - 4.9 4.4 0.28 - 42.3 0.6 107 0.30 - - 1.1768 
14 26-28 - 4.9 4.4 0.28 - 44.0 0.7 112 0.29 - - 1.1741 
15 28-30 - 5.0 4.5 0.28 - 45.5 0.7 111 0.25 - - 1.1699 
16 30-32 - 5.0 4.5 0.26 - 40.7 0.6 110 0.45 0.04 - 1.1761 
17 32-34 - 5.0 4.5 0.26 - 42.8 0.7 111 0.39 0.03 - 1.1749 
18 34-36 - 4.9 4.4 0.26 - 42.0 0.7 100 0.41 0.02 -1.06 1.1760 
19 36-38 - 4.9 4.5 0.26 - 43.4 0.7 91 0.35 0.02 -1.25 1.1751 
20 38-40 300 ± 90 BC 5.1 4.5 0.26 - 41.1 0.7 109 0.42* 0.02 -1.59 1.1693 
Clayey sand 120-150 Quaternary - - - - - - - 0.12 ± 

0.06# 
- -1.47 1.1893 

Chalk rock (bedrock) 150- Turonian - - - - - - - 0.21 ± 
0.10# 

- +0.47 1.1856 

Massive Pb ore (PbS) - - - - - - - - - - - 1.173 
Zn ore concentrate (ZnS) - - - - - - - - 70.1 ± 

12.8# 
- -4.40 -

Reflot (ZnS + PbS) - - - - - - - - 94.8 ± 
3.6# 

- -4.20 -
Fly ash (Zn metallurgy, - - - - - - - - 15.0 ± - -4.09 1.174 

roasting) 1.0# 
Slag (Zn metallurgy, - - - - - - - - 1.19 ± - -3.31 -

roasting) 0.60# 
Granulated waste (Zn - - - - - - - - 322 ± - -3.60 -

metallurgy) 110# 
Larox sludge (Zn - - - - - - - - 122 ± 0 - -3.63 -

metallurgy) 

The e Tl data assign an estimated error (±0.7, 2 SD) which is based on our long-term external reproducibility for the SRM AGV-2 (Andesite, USGS, USA). *The data 
depict means (n = 3; RSD <10%). #The Tl concentrations depict means (n = 3; ±2 SD). LOI: loss on ignition. - : not determined. Reflot - a concentrate produced by 
mine waste recycling (flotation). The isotopic data in Pb ore, fly ash, slag and granulated waste were adopted from Vaněk et al. (2011, 2018). See the SM section for 
details. 

solutions (v /v ratio, 1/5). The ash content (loss of ignition) was deter­
mined by combusting 1 g of peat at 550 °C (expressed as % of the dry 
weight sample). The total carbon and sulfur concentrations (TC, TS) 
were determined using a CNS analyzer (Flash, 2000; Thermo Scientific, 
Germany). The soil cation exchange capacity (CEC) was determined on 
the basis of sodium acetate method (Bower et al. , 1954). For the 
determination of exchangeable T l fraction in peat, representing the 
potentially labile T l pool, a 1 M NH4NO3 extraction solution was used 
(S /L ratio, 1/10, 2 h). 

Total Zn, Pb, T l , Fe, M n and Sc concentrations in peat samples, rocks 
and ore/waste materials were determined using Q-ICP-MS Xseries II 
(Thermo Scientific, Germany); a total mass of <0.5 g of a finely-ground 
sample was digested in a mixture of HNO3, H C l and HF (3 /1 /1 ratio, 
<20 mL, - 2 0 0 °C, 3 h, ± 5 mL H 2 0 2 ) (Merck, Germany) using a m i ­
crowave system (Multiwave 5000, Anton Paar, Austria). The obtained 
solutions were evaporated and redissolved in 2% HNO3 (25 mL) before 
further use or analysis. A n analogous dilution was used for the 
exchangeable T l determination. Scandium concentrations were deter­
mined by Q-ICP-MS using a single Sc calibration prior to the measure­
ment. A l l mineral and selected peat samples (no. 1, 5 and 20) were 3-

times replicated. This data, in combination wi th data obtained for the 
S R M 2711 (Montana Soil , NIST, USA) (Table S I , Supplementary Mate­
rial , SM) were used for the quality control (QC) of concentration mea­
surements (Tl, Zn, Pb). 

2 1 0 P b y spectrometry was used for age dating of the uppermost peat 
layers (<20 cm). A Canberra DSA 2000 multichannel analyzer 
controlled by GENIE 2000 software was used to determine the specific 
activities of 2 1 0 P b , 2 2 6 R a and 1 3 7 C s isotopes. Selected peat samples from 
the deeper layers (>40 cm) were dated by the 1 4 C technique using an 
EnvironMICADAS compact tandem accelerator. Detailed information 
about both 2 1 0 P b / 1 4 C - d a t i n g methods is available in the S M section. 

2.3. Thallium and Pb isotopic analyses 

The determination of T l isotopic ratios preceded T l isolation. For this 
purpose, a two-stage chromatographic separation employing the Bio-
Rad AG1-X8 (an anion exchange resin, 200^100 mesh, C P cycle) was 
conducted, i.e., without uti l izing HBr. For detailed information about 
the T l isolation from sample solutions refer to Grosslová et al . , 2018; 
Vaněk et al. (2016), 2018, 2020. Detailed information about the 
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measurement of T l isotopic ratios using MC-ICP-MS Neptune Plus 
(Thermo Scientific, Germany), including the analytical conditions 
similar to those described in e.g. Prytulak et al. (2013, 2017), and the 
respective QC (Table S2, SM), are shown in the S M section. The T l iso­
topic composition was calculated using the following equation wi th e 
notation relative to NIST S R M 997 (Eq. (1)): 

"Til 'Tl. 
3 77 = 

sum plť 'Tl, 1 In 
x 104 (1) 205-7*/ /203T*/ 

" / 1 INISTW1 

The Pb isotopic ratios ( 2 0 6 P b / 2 0 7 P b ) were determined using Q-ICP-
MS. Solutions were diluted to —20 ug P b / L prior to analysis. The mass 
bias correction was performed using standard-sample bracketing wi th 
the S R M 981 (Common lead, NIST, USA). The accuracy of the mea­
surements was controlled using the S R M A G V - 2 (Andesite, USGS, USA) 
wi th 2 0 6 P b / 2 0 7 P b = 1.2085 ± 0.0006 and 2 0 8 P b / 2 0 6 P b = 2.0415 ± 
0.0013. More information about the analytical conditions for the 
determination of Pb isotopes is available in Vaněk et al. (2011) and Zuna 
e ta l . (2011). 

3. Results and discussion 

3.7. Trace element concentrations in peat 

The concentration trends of Zn, Pb and T l in the studied peat profiles 
are shown in Fig. 2 and listed in Tables 1, S3 and S4 (SM). Both deep and 
shallow profiles identically exhibit significant accumulation of a l l trace 
elements in the interval of —0-40 cm, wi th the highest concentrations 
within the uppermost peat (0-16 cm), corresponding to layers formed 
earlier than 1962 ( ± 1 2 ) , as dated by the 2 1 0 P b method. The question 

that arises here is to which degree the contribution of recent biomass (e. 
g., decayed roots/leaves) could have affected our 2 1 0 P b data. However, 
in v iew of temporal emission data for Boleslaw Zn plant and the data on 
local Zn-Pb ore production (at Olkusz), in combination wi th the absence 
of peat disturbance according to the 2 1 0 P b , there is a match in trace 
element stratigraphy in the studied peat columns, wi th a peak between 
the 1960s and the mid 1980s (Liszka and Šwic, 2004) (Fig. 2, Table S3, 
S4, SM). The finding is also consistent wi th trace element records in the 
surface layers of different ombrotrophic bogs i n southern Poland, mostly 
attributed to ore mining/processing activities, or extensive coal min­
ing/industrial burning, or due to the general development of local in­
dustry (Fialkiewicz-Koziel et al . , 2018; Smieja-Król and Bauerek, 2015; 
Smieja-Król et al . , 2010, 2015, 2019). Despite the fact that we do not 
have exact data on historical mining-/smelting-derived T l emissions in 
the Wolbrom area, a similar trend as for Zn and Pb is inferred (Lis et al . , 
2003; Vaněk et al. , 2011, 2013). Given the high concentrations of 
Tl/trace elements in the 0-10-cm peat section (>1991) (Tables 1, S3, 
SM), continuing ore mining or more l ikely dust/trace element remobi-
lization from the adjacent flotation tailing dams are assumed to be the 
primary cause (Cabala and Teper, 2007; Jakubowska et al. , 2007; Kar-
bowska et al. , 2014; Lis et al. , 2003). 

The peat interval of 0-50 cm covers the peat age of more than the last 
5000 years. Due to their position in the age-depth model, samples 20 
( 3 8 ^ 0 cm) and 26 (50-52 cm), 1 4 C-dated 300 BC and 3720 BC 
respectively, do reflect an ancient hiatus (Fig. S I , SM). The event, which 
was first revealed by Paweiczyk et al. (2017) in the Wolbrom fen, could 
be related to specific environmental changes such as a low water table in 
that time (Paweiczyk et al. , 2017). In addition, we assume that increased 
concentrations of trace elements in the respective peat zone (38-52 cm) 
(Fig. 2, Tables 1, S3, S4, SM) result from the hiatus as wel l , reflecting the 
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Fig. 2. The depth-dependent evolution of Tl, Pb and Zn concentrations, the exchangeable Tl fraction, the Tl and Pb isotopic signatures (in e 2 0 5 T l , 2 0 6 P b / 2 0 7 P b ) and 
corresponding enrichment factors of Tl and Pb in the studied peat profiles. Dashed lines indicate approximations between the measured samples. Narrow lines for Tl, 
Pb and Zn concentrations depict trends obtained within the shallow/incomplete peat profile (0-40 cm). See the SM section for details. 
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decline in O M accumulation, caused by a l imited plant growth in that 
time. Due to the minimum rate of sediment formation (Fig. S I , SM) we 
were not able to distinguish/quantify the potential effect of pre-Roman 
mining/processing of local ores (Bodnar and Rozmus, 2004; Rozmus, 
2014). 

The relatively high concentrations of trace elements in peat samples 
above the hiatus (<38 cm) were attributed to a combined effect of his­
torical ore mining/processing at Olkusz. Archeologists document that 
the area acts as a mining/smelting center (mainly for Pb and A g ores) 
within both the Roman and medieval periods (Bodnar and Rozmus, 
2004; Cabala et al. , 2013; Rozmus, 2014). It is probable that the depo­
sition of trace elements in the area further accelerated wi th the start of 
industrial revolution (—250 years BP), which, however, we were not 
able to l ink wi th the peat concentration data, due to the absence of peat 
dating for this time interval. 

To estimate the anthropogenic enrichment of trace elements, we 
used the Sc concentration for element normalization and local bedrock 
ratio M / S c as a geogenic (background) reference (Table S3, SM). The 
enrichment factor (EF) was calculated as (Eq. (2)): 

E F = [ M / S c ] s m p l e / [ M / S c ] b e d l o c k (2) 

This approach was chosen wi th regard to generally increased back­
ground concentrations of trace elements in the study area, and thus a 
less informative value of Sc for the average Earth crust (if used). 

Similar to their concentrations, the maximum EFs for both Pb (<30) 
and T l (<4) (Fig. 2, Table S3, SM), were found in the uppermost peat 
(0-16 cm), indicative of extensive mining and processing of local ores 
and even post-mining effects over the course of the second half of 20th 
century until the present time. In line wi th Pb concentrations, significant 
Pb enrichments, starting wi th EF = 15, were found above the hiatus 
(<38 cm), again in line wi th historical mining/processing of local ores. 
In contrast, systematically low EF values of T l (<4) in combination wi th 
Tl concentrations of 0.3-0.8 mg/kg recorded for the same peat section, 
imply the importance of the introduction of natural (geogenic) T l into 
the peatland (Table S3, SM). In other words, the EF values from the 
range of <0.5-1.0 suggest that the vast majority of T l entered peat 
naturally (soil erosion, rock weathering, etc.). However, this can be 
promoted by agricultural tillage (Shotyk et al. , 2001), i.e., due to 
soil/rock dust mobilization and deposition. Such a prediction is possibly 
supported by matching T l concentrations in the underlying rock samples 
(0.1-0.2 mg/kg) or the low amount of exchangeable T l fraction in the 
middle profile zone (<0.04 mg/kg), as wel l as the isotopic proxies 
(Fig. 2, Tables 1, S5, SM). 

3.2. Trace element mobility in peat 

When viewing the highest concentrations of trace elements, a ver­
tical shift of Zn (—4 cm) relative to P b / T l can be observed in the up­
permost peat (0-16 cm) (Tables S3, S4, SM). Similarly, in the deeper 
peat (—30 cm) an increased Zn concentration was observed alongside 
declining P b / T l concentrations. As such, this supports the anticipated 
vertical migration of Zn i n the peat profile (Weiss et al. , 2007) in line 
with low peat p H values (—4) (Table 1) and generally "less active be­
haviors" of Pb and Tl (e.g., Shotyk et al. , 1996; Shotyk and Krachler, 
2004; Zuna et al. , 2011). Although we did not investigate the peat pore 
waters at the sampling site, the formation of strong Zn complexes wi th 
mobile fulvic acids associated wi th small-size colloidal particles could 
promote its migration (Novak and Pacherova, 2008). Lead, by contrast, 
tends to occur in large colloids and it readily forms stable complexes 
with humic acids (Gao et al. , 1999), l ikely promoting its immobil i ty i n 
peat. Although, Shotyk et al. (2016b) report that some part of the total 
Pb can be mobilized in peat and enter the peat pore water, on an 
example of different bogs the authors highlight that less than 0.01% of 
total Pb is labile (soluble), making the potential for Pb migration very 
small. 

As far as T l is concerned, there is no evidence on the formation of 
stable/strong complexes wi th any simple organic compounds, fulvic or 
humic acids (Jacobson et al. , 2005; Nriagu, 1998). This implies that T l 
(if previously mobilized) is possibly adsorbed more simply, following 
the non-specific/specific reactions onto the O M . The association of T l 
with the - S H functional groups can further promote its fixation (Nriagu, 
1998). Shotyk and Krachler (2004) report that Tl in bogs exhibits a 
comparable pattern to Pb (and Ag), supporting the theory that T l is 
immobile in peat. Our evidence for the proposed P b / T l analogy, as wel l 
as a general stability of Tl in the studied peatland is provided by a sig­
nificant positive relationship ( R 2 = 0.95) between their concentrations 
(Fig. S2, SM). The question that arises here is, what could be the role of 
K + and/or NFL| + in exchangeable Tl sorption, reflecting comparable ion 
chemistry and allowing their competition or potentially specific 
(stronger) T l fixation (Vaněk et al. , 2012). 

In general, we do not expect significant mobilization of trace ele­
ments in the underlying mineral formations and their migration upward 
in the fen. This behavior seems to be negligible for Pb and T l and only 
l imited for Zn, as inferred by the concentration comparison at the rock-
peat interface (Table S3, SM). 

3.3. Thallium isotopic variability in peat 

The T l isotopic data found in the peat profile, the underlying rocks 
and the industrial samples are shown in Fig. 2 and listed in Tables 1 and 
S5 (SM). 

Given the overall variabili ty in the studied industrial samples (—1 
e 2 0 5 T l ) involving local Zn /Pb ores and different waste materials from 
both roasting/Waelz (fly ash, slag) and hydrometallurgical technologies 
(granulated waste, Larox sludge) derived from primary and recyclable 
Zn-rich materials (Table 1), generally small Tl isotopic fractionation is 
assumed for a complex industrial process (Vaněk et al. (2018). Such an 
isotopic homogeneity is quite surprising, at least in view of a wide range 
of T l concentrations (1-300 mg/kg) (Table 1) or a large variabili ty in T l 
isotopic ratios in different solid wastes from pyrite roasting, yielding 
- 1 7 e 2 0 5 T l units (from - 1 to +16), as reported by L iu et al. (2020a). 
Therefore, our results are similar to data by Kersten et al. (2014), who 
indicate even the absence of T l isotopic fractionation for a 
high-temperature process, albeit in relation cement production. The 
authors revealed an analogy in the isotopic signature in Tl-rich FeS2, 
co-combusted FeS2 roasting waste (as an additive) and emitted cement 
k i ln dust (CKD), a l l featuring e 2 0 5 T l - 0 . 

Our peat profile exhibits an apparent isotopic variabili ty wi th e 2 0 5 T l 
yielding the range of —3.6 and —1.1. Importantly, we identified only 
negative e 2 0 5 T l values (>-3.6) in the uppermost peat (0-14 cm, >1971). 
Therefore, these values are quite similar to the isotopic signatures found 
in local ore and/or metallurgical samples ( e 2 0 5 T l from —3.3 to —4.4), 
which correspond to the potential source(s) of historical T l contamina­
tion in the area (Table 1). Regarding these findings, there is evidence to 
suggest that detectable T l contamination is entering the peat v i a the 
isotopically light Tl (enriched in 2 0 3 T l ) (Fig. 2). 

By contrast, i n the 3 4 ^ 0 cm peat-profile section we identified a clear 
shift toward the isotopically-heavy Tl (enriched in 2 0 5 T l ) ( e 2 0 5 T l > -1.6) 
(Fig. 2). By combining this data wi th generally low EFs for T l and a 
missing isotopic l ink wi th the reference ores and metallurgical wastes 
(Table 1), we assume that the peat signatures reflect the introduction of 
geogenic Tl . Besides the isotopic similarity wi th the underlying rocks 
( e 2 0 5 T l —1.5 and + 0.5, respectively) (Table 1), the proposed geogenic 
origin of T l in the deeper peat is further supported by a model isotopic 
segregation according to source reservoirs (Fig. S3, SM). Since we did 
not detect either vertical T l shift(s) in the studied profiles, suggesting its 
immobil i ty i n peat, or any indication for specific Tl(I) complexation onto 
the O M , the T l isotopic fractionation in peat is not very probable. 
Although in relation to Cu, Bigalke et al. (2010) attributed specific fix­
ation of Cu onto humic compounds to the accumulation of the isotopi­
cally heavy fraction of Cu, accompanied by the isotopically light Cu 
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mobilization/migration. 
At this point, it should be highlighted that the introduction and/or 

recycling of T l v ia its uptake by peat vegetation, i.e., due to the K-
channel and/or - S H containing compounds in plants (e.g., Kersten et al. , 
2014; Rader et al. , 2019; Vaněk et al. , 2019) cannot explain variations i n 
Tl distribution in the studied peatland. The deep peat layers (>60 cm), 
absent of contamination, are very low in Tl (—0.01 mg/kg); this is much 
less in comparison wi th the underlying rocks (>0.12 mg/kg) (Table S3, 
SM). This finding allows us to neglect the biological T l uptake as a po­
tential source of T l isotopic fractionation toward the isotopically light Tl 
in the surface/subsurface peat (Vaněk et al. , 2019). 

3.4. Lead isotopic variability in peat 

The Pb isotopic ratios ( 2 0 6 P b / 2 0 7 P b ) determined in the studied peat 
profile, underlying rocks and selected materials referring to anthropo­
genic and geogenic Pb are shown in Fig. 2 and listed in Tables 1 and S5 
(SM). 

The vertical 2 0 6 P b / 2 0 7 P b profile shows apparently less radiogenic Pb 
in the 0-40-cm peat section, yielding 1.1641-1.1792, relative to the 
deeper peat samples (1.1722-1.1906) (Table S5, SM). Given the overall 
isotopic variations wi thin the profile, the data strongly suggest that 
extensive mining and processing of local Zn /Pb ores, including post-
mining effects in the second half of 20th century, are the primary 
cause for a 2 0 6 P b / 2 0 7 P b decline in the uppermost peat (<16 cm) (Fig. 2). 
Such a prediction is favored by similar signatures for local galena and fly 
ash samples (1.173 and 1.174, respectively), mimicking the model 
(modern) sources of anthropogenic Pb in the area (Vaněk et al. , 2011). 
This data in combination wi th 2 0 6 P b / 2 0 7 P b values measured in the un­
derlying rocks (1.1856 and 1.1893, respectively), points further to an 
introduction of only geogenic Pb in peat pre-dating —4000 BC (—>60 
cm). The trend where Pb is less radiogenic for a l l modern, industrial and 
pre-industrial periods (De Vleeschouwer et al. , 2009; Fiatkiewicz-Koziel 
et al . , 2018, 2020; Mihaljevič et al . , 2006; Novak et al. , 2008; Shotyk 
et al. , 2000; Weiss et al. , 2002) and becomes progressively more 
radiogenic downwards in the peat (higher in 2 0 6 P b / 2 0 7 P b ) is best 
distinguishable for a complete peat profile (Fig. 2, Table S5, SM). 
Overall, the obtained Pb isotopic data (indicative of Pb mixing between 
two reservoirs but wi th a predominance of the anthropogenic pool), are 
in good agreement wi th both element and EF systematics of Pb in the 
studied peat profile (Table S3, SM), as wel l as wi th 2 0 6 P b / 2 0 7 P b ratios 
observed i n various peatlands in southern Poland (Fiatkiewicz-Koziel 
et al . , 2018, 2020). 

3.5. Limitations of the use of stable Tl isotopes for source tracing in 
peatlands 

If we use the Fe and M n concentration data or the depth-dependent 
evolution of M n / F e ratio in the studied peat profile (Fig. S4, SM) as 
proxies for the redox-driven effects, variations reflecting environmental 
changes in the studied peatland are apparent. For example, the 
increased Fe and M n concentrations and a high M n / F e ratio in the depth 
of —10 cm can be related to modern oxidation of the O M just below the 
peat surface. Similarly, small peaks in M n concentration and M n / F e 
ratio observed at —50 cm can imply an old oxidation event in the 
peatland (Fig. S4, SM), which could be l inked wi th the identified hiatus. 
Cabala et al. (2013), who studied the origin of metallic phases in peat, 
show that both Fe/Mn-oxides can readily form, following for example 
the breakdown of metal-organic complexes. Furthermore, the oxidation 
process can be caused by a low water-table level, an interaction of 
oxygenated meteoric waters wi th in the surface/subsurface peat section, 
or even an interaction of peat wi th oxidizing groundwater (Cabala et al. , 
2013). On examples of laterite profiles, Howarth et al. (2018) report 
peaks in Fe-oxide concentrations accompanied by positive e 2 0 5 T l values, 
which trace the paleowater tables. For T l , numerous studies suggest that 
the precipitation of secondary Tl-containing phases in sedimentary 

systems, mainly of specific Mn-oxides (e.g., hexagonal birnessite) and 
associated oxidative T l uptake (Peacock and Moon, 2012; Voegelin 
et al . , 2015; Wick et al. , 2019, 2020), is a major control mechanism for 
isotopically-heavy T l enrichments (Fe/Mn-oxide containing sedimen­
tary crusts, precipitates, soil nodules, etc.) (Nielsen et al. , 2013, 2017; 
Ostrander et al. , 2019; Owens et al. , 2017; Rehkámper et al. , 2002, 
2004; Schauble, 2007). 

Although we did not observe any indications for vertical T l migration 
and T l isotopic fractionation i n the studied peatland, cyclic changes in 
p H and/or redox could result in partial T l leaching and subsequent 
preferential T l enrichment in specific peat layers, accompanied by 
oxidative T l sorption. For instance, this T l behavior has recently been 
observed in the redoximporhic soils (Vaněk et al . , 2020; Vejvodova 
et al. , 2020). Therefore, i f these processes take place in a peatland, they 
could l imit the use of T l isotopic ratios as proxies for anthro-
pogenic/geogenic T l sources. To gain further insights into this issue, and 
to verify the conservative feature of T l , combined Tl isotopic and 
mineralogical micro-scale studies are required in peatlands wi th marked 
oxide accumulations and/or in peat samples enriched in Fe/Mn-oxides 
(e.g., Smieja-Król et al . , 2010, 2015). 

4. Conclusions 

This study presents vertical patterns of T l , Pb and Zn concentrations 
and stable T l and Pb isotopic ratios from a historically contaminated 
peatland/fen (Wolbrom, Poland). The following major conclusions were 
made: 

(i) Thal l ium is characterized as an immobile element in peat which 
mirrors the conservative pattern of Pb, in contrast to Zn which 
has a tendency to migrate. Both T l and Pb reflect the history of 
atmospheric deposition. However, the peat Tl record is more 
affected by local geogenic sources, relative to Pb, as inferred from 
calculated (anthropogenic) element enrichments. Overall , this 
finding indicates that pre-industrial anthropogenic emissions 
(>—250 years BP) were generally low in T l , confirming the 
observation of e.g. Shotyk and Krachler (2004). 

(ii) The measured variations in T l isotopic ratios (in e 2 0 5 T l ) in peat 
samples suggest a l ink wi th the local source(s) of anthropogenic 
T l and the background T l isotopic values in the study area. 
Furthermore, we did not detect T l isotopic fractionation in peat 
samples, which i f present, could be ascribed to Tl-rich dust 
alteration and/or T l sorption onto the peat O M during the post-
depositional residence time in peat, or even to biological pro­
cesses. The finding is indicative of the absence of redox Tl(I)-Tl 
(III) shift(s), being previously proposed as a key control for T l 
isotopic fractionation i n sediments/soils, etc. 

(iii) The obtained stable T l isotopic data show a consistency wi th the 
2 0 6 P b / 2 0 7 P b ratios, which further support the potential use of T l 
isotopic ratios as proxies for Tl sources in peatlands. However, 
given the complicated geochemistry of the studied fen, we pro­
pose to focus further research on well-preserved Tl-contaminated 
ombrotrophic peatlands. 
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A R T I C L E I N F O A B S T R A C T 

Editor: Yang Deng Cyden In this study, we report combined Tl isotopic and Tl mineralogical and speciation data from a set of Tl-rich sulfide 
concentrates and technological wastes from hydrometallurgical Zn extraction. We also present the first evalu-

Keywords: ation of Tl isotopic ratios over a cycle of sulfide processing, from the ore flotation to pyro- and hydrometal-
W a s t e lurgical stages. The results demonstrate that the prevailing Tl form in all samples is T1(I), without any 
Metallurgy preferential incorporation into sulfides or Tl-containing secondary phases, indicating an absence of Tl redox 
Isotopic Fractionation . , , , ^, . . , . .r. , . , . . . , , „ n „ , , 

. . reactions. Although the Tl concentrations varied significantly in the studied samples (—9-280 mg/kg), the 
Speciation 90^ 

overall Tl isotopic variability was small, in the range of —3.1 to —4.4 ± 0.7 (2o~) e Tl units. By combining 
present e 2 0 5 T l results with the trends first found for a local roasting plant, it is possible to infer minimum Tl 
isotopic effects throughout the studied industrial process. As a result, the use of Tl isotopic ratios as a source 
proxy may be complicated or even impossible in areas with naturally high/extreme Tl background contents. On 
the other hand, areas with two or more isotopically contrasting Tl sources allow for relatively easy tracing, i.e., in 
compartments which do not suffer from post-depositional isotopic redistributions. 

1. Introduction 

Thal l ium (Tl) is a toxic trace element (metal) included in the US EPA 
list of priority toxic pollutants (Kazantzis, 2000). Because of its acute 
and chronic toxicity for most l iving organisms (comparable to e.g. H g or 
Cd) (John Peter and Viraraghavan, 2005), T l can be thought as one of 
the most dangerous elements in the environment. Since metal sulfides 
tend to accumulate T l (e.g., FeS2 and ZnS), their mining, metallurgical 
processing and co-processing (mine waste recycling) a l l represent po­
tential pathways of Tl entry into the environment (Kazantzis, 2000; Xiao 
et al . , 2004, 2012; John Peter and Viraraghavan, 2005; Jakubowska 
et al. , 2007; Karbowska et al. , 2014; Gomez-Gonzalez et al. , 2015; Liu 
et al. , 2016, 2019; Aguilar-Carri l lo et al . , 2018; Garrido et al. , 2020; Wei 

et al . , 2021; Ning et al. , 2021). Thal l ium may occur in K-silicates 
(K-feldspars, micas) or may specifically be adsorbed by micaceous clay 
minerals (mainly illite), mostly reflecting ion Tl(I)-K(I) exchange re­
actions. Furthermore, Tl-containing sulfide and oxide associations, 
including Tl(III) forms, are reported as important T l pools or sinks in the 
environment (Fe-Zn sulfide deposits, Fe-Mn crusts/nodules, etc.) 
(Tremel et al . , 1997; Jovic, 1998; Jacobson et al. , 2005a, 2005b; Vanek 
et al. , 2011, 2013; Voegelin et al . , 2015; Nielsen et al. , 2017). It should 
be noted that T l has two stable isotopes ( 2 0 5 T l and 2 0 3 T l ) wi th average 
abundances of —70% and —30%, respectively. Despite recent achieve­
ments in T l isotope geochemistry i n Earth and environmental sciences 
(Grösslovä et al. , 2018; Howarth et al. , 2018; Nielsen et al. , 2013, 2017, 
Ostrander et al . , 2019, 2020; Owens et al. , 2017; Peacock and Moon, 
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2012; Prytulak et al. , 2013, 2017, Rader et al. , 2018, 2019, Rehkámper 
et al . , 2002, 2004, Vaněk et al. , 2016, 2018, 2019, 2020, 2021; 
Vejvodova et al. , 2020, etc.), st i l l very little is known about the behavior 
of stable T l isotopes during industrial activities. For example, we do not 
know to what degree T l isotope fractionation can take place during 
metallurgical sulfide processing, involving a l l the stages such as ore 
flotation, pyrometallurgy as wel l as hydrometallurgy. The only available 
Tl isotopic data and related effects are known for different waste ma­
terials from specific high-temperature operations (ore roasting, coal 
burning) - various fly ashes/dusts, slags, etc. (Vaněk et al. , 2016, 2018; 
Liu et al . , 2020). The major findings can be summarized as follows: (i) 
partial T l isotopic fractionation can potentially take place during 
high-temperature activities, wi th isotopically lighter T l present in fly ash 
relative to remaining slag or bottom ash (enriched in heavy 2 0 5 T l 
isotope); (ii) the volatile T l fractions present i n gas/vapor phases tend to 
be enriched in light 2 0 3 T l isotope, probably due to its higher reaction 
rate during evaporation (Vaněk et al. , 2016, 2018). 

However, to be able to assess the behavior/fate of T l stable isotopes 
throughout the metallurgical processes, the isotopic signatures of the 
feed treatment or final/base metal solution refinement(s) are clearly yet 
to be determined. In this study, we report combined T l isotopic and Tl 
mineralogical and speciation data from a set of Tl-rich sulfide concen­
trates and technological wastes from hydrometallurgical Zn extraction. 
We attempt to answer the following fundamental questions: (i) How 
does the hydrometallurgical process influence complex T l chemistry, i . 
e., what are major smelter-derived Tl-containing phases? (ii) Do changes 
in Tl chemistry reflect the changes in T l isotopic composition in metal­
lurgical wastes? (iii) To what degree can T l isotopes be redistributed 
during a complete industrial cycle (pyro- and hydrometallurgy) relative 
to the primary T l source (ore)? 

The work follows our earlier T l isotopic research from a roasting/ 
Waelz technology (Vaněk et al. , 2018) and it offers new insights into 
stable T l isotope signatures in source materials of anthropogenic origin, 
which can potentially be used to assess industrial T l inputs in the 
environment. 

2. Experimental 

2.1. Ore and processing waste samples 

A set of Zn-rich sulfide concentrates and selected processing wastes 
(sludges) from the hydrometallurgy of Zn were investigated in this work. 
A l l studied samples originate from specific ( M V T - "the Mississippi 
Valley"-type) sulfide deposits located in Europe and Asia (Olkusz, 
Poland; Lisheen, Ireland; Pinargozu, Turkey) and were simultaneously 
processed in the Boleslaw Zn smelter (southern Poland) in November 
2020. Detailed information about the samples, their location wi thin the 
industrial process (Fig. SI) , sample mineralogy and chemistry are given 
in the Supplementary Material section. 

2.2. Mineralogical characterization and Tl speciation 

The phase compositions of the studied samples were determined by 
X-ray diffraction analysis (XRD) (X'Pert Pro diffractometer, PANalyt ical , 
the Netherlands) under the following conditions: CuKa radiation at 40 
kV (30 mA), 2 theta range of 5 -80° , counting time of 150 s per step (step 
of 0.02°) . The obtained diffraction patterns were processed using X'Pert 
High Score Plus 3.0 software, in combination wi th a Crystallography 
Open Database (COD) (Gražulis et al . , 2012). Selected ore/waste sam­
ples (1, 4, and 6) were studied using scanning electron microscopy 
(SEM) and electron probe microanalysis (EPMA). A JEOL JXA-8530F 
(JEOL, Japan) electron probe microanalyzer wi th a field emission gun 
as an electron source and an energy dispersion spectrometer (EDS) 
(JEOL JED-2300F) was used. This instrument was also used for quan­
titative microanalysis. The E P M A operating conditions, calibration 
standards and detection limits are reported i n Table SI (Supplementary 
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Material). 
To gain information on T l speciation, the samples wi th the highest T l 

concentrations (to eliminate Fe, As, Sb etc. interferences, i f present) 
were analyzed by X-ray absorption near edge structure (XANES) spec­
troscopy (Tl Lin-edge, SUL-X beamline) at the Synchrotron Radiation 
Source, Karlsruhe Institute of Technology (KIT, Germany). These mea­
surements were performed in fluorescence mode at room temperature. 
The BCR sequential extraction method was applied to the studied sam­
ples as wel l , using the procedure properly described in Vaněk et al. 
(2010). The reason was to better assess the role of major Tl-host phases 
in a complex process of T l uptake (coprecipitation). 

2.3. Element concentrations 

Samples were air-dried (to a constant weight) prior to Tl/element 
concentration measurement. A sample aliquot of 0.2 g was dissolved in a 
mixture of concentrated H N O 3 / H F (Merck Ultrapure, Germany) (2:1 
ratio, - 2 0 mL, total volume) and then diluted in 2% HNO3 (50 mL). 
PTFE beakers (60-mL, Savillex, USA) and a ceramic plate (150-200 °C, 
48 h) were util ized throughout this step. Concentrations of T l , Zn, Pb, 
and Fe in the individual solutions were determined using Q-ICP-MS 
(Xseries II, Thermo Scientific, Germany) in a triplicate approach. Stan­
dard reference material 2711 (Montana Soil , NIST, USA) was used for 
the QC of quantitative T l analysis (Table S2, Supplementary Material). 

2.4. Thallium isolation 

A two-step chemical separation of T l wi th Bio-Rad AG1-X8 resin in 
the Cl" form without uti l izing HBr was used (Supplementary Material). 
The technique is analogical wi th those used wi th in our previous studies 
(Vaněk etal . , 2016, 2018, 2019, 2020; Gróss lováe t a l . , 2018; Vejvodova 
et al. , 2020). 

2.5. Thallium isotope measurement 

Detailed information about the measurement of T l isotopic ratios 
using MC-ICP-MS Neptune plus (Thermo Scientific, Germany), including 
the analytical conditions similar to those described in e.g., Prytulak 
et al . , (2013, 2017), and the respective QC (Table S3), are shown in the 
Supplementary Material Section. 

3. Results and discussion 

3.1. Thallium phase associations by XRD and EPMA 

The X R D analysis indicated that the phase composition of the studied 
concentrates is dominated by sphalerite (ZnS) and pyrite (FeS2) wi th 
minor proportion of other sulfides, secondary sulfates (anglesite, PbS04; 
plumbojarosite, P b F e 6 ( S 0 4 ) 4 ( 0 H ) 1 2 ; susannite, Pb 4 (S04)(C0 3 )2(0H)2) 
and gangue phases such as quartz (SÍO2), dolomite (CaMg(C03)2) or 
calcite (CaCOa) (Fig. S2). In contrast, metallurgical sludges are mainly 
composed of a spinel-family oxide (franklinite, ZnFe204), sphalerite and 
sulfates such as plumbojarosite, anglesite and gypsum (CaS04.2 H2O) 
(Fig. S2). The E P M A data indicate that high concentrations of E P M A -
detectable T l are found in all the sulfides: 0.03-0.09 wt% in sphal­
erite, 0.04-0.07 wt% in pyrite and 0.20 wt% in galena (Table S4). Given 
the high proportion of sphalerite (Fig. 1 and S2), this phase is the 
dominant carrier of T l in the concentrates, in line wi th measured Zn 
concentrations (Table 1). Thal l ium was also detected in mixtures of 
secondary Pb phases, where it is probably mainly bound in plumbojar­
osite, wi th T l concentrations in the range 0.06-0.20 wt% (Table S5). 
Interestingly, high T l amounts were also found in franklinite (0.12-0.28 
wt% Tl) and in gypsum (0.30 wt% Tl) in the Larox sludge sample 
(Table S6). We assume that this can be a result of T l coprecipitation wi th 
secondary metallurgical phases as a function of T l concentration in the 
reaction media, pH, temperature, etc. However, passive T l sorption can 
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Fig. 1. Scanning electron micrographs in back-scattered electrons (SEM-BSE) of selected sulfide concentrates (no. 1 and 4) and a metallurgical waste/sludge (no. 6). 
Fragments of sphalerite, pyrite and galena associated with the gangue dolomite and quartz (1 - Lisheen, Ireland); fragments of sphalerite, pyrite and gangue dolomite 
with residues of galena grains altered to a mixture of secondary Pb phases (4 - Olkusz, Poland); fragments of sphalerite, franklinite and gypsum associated with a 
mixture of Pb-rich secondary weathering products (6 - Larox sludge). Phase abbreviations: Dol - dolomite (CaMg(C0 3) 2); Frk - franklinite (ZnFe 20 4); Gn - galena 
(PbS); Gp - gypsum (CaS0 4.2 H 2 0) ; Py - pyrite (FeS2); Sp - sphalerite (ZnS); Qz - quartz (Si0 2). 

also be promoted by Tl(I) retention in exchangeable K-exchanged posi­
tions/layers, for instance, in oxide or sulfate precipitates (Vaněk et al. , 
2010). 

3.2. Thallium speciation by XANES spectroscopy 

The T l Lm-edge X A N E S spectra of selected ore and metallurgical 
samples (1, 2, 6 and 7) are compared to reference spectra in Fig. 2. In 
general, the quality of the sample spectra is not ideal because of spectral 
interferences and fluorescence attenuation caused by the very high 
levels of Zn, Pb and As in the samples. Nevertheless, the spectra most 
closely resemble to the spectra of Tl(I)-aqueous or Tl(I)-sulfide (lor-
andite), indicating that most T l is monovalent Tl(I). Due to the limited 
quality of the sample spectra, the lack of reference spectra for other 
potential Tl(I) phases, and l imited spectral characteristics, our data do 
not al low to further constrain the speciation of Tl(I) in metallurgical 
samples. Only for the Larox sludge, do the spectral characteristics sug­
gest that a fraction of the Tl(I) may be incorporated in jarosite, as would 
be consistent wi th the literature (Dutrizac, 1997). Regarding the absence 
of clearly detectable levels of Tl(III), this finding is in agreement wi th the 
generally low stability of trivalent Tl(III) species, which start to degrade 
at relatively low temperatures (—150 °C, TICI3) as they generally have 
only l imi ted/ low thermal stability (Holleman et al. , 1995; Phil l ips and 
Perry, 1995; Lide, 2009). Moreover, the formation of Tl(III) species 
could only be favored under highly oxidative conditions, otherwise Tl(I) 
species tend to dominate (Vaněk et al. , 2016). 

Although the reliabili ty of the BCR sequential extraction in the 
determination of T l sources is generally not much high (Vaněk et al. , 
2010), its combination wi th all the Tl speciation and mineralogical data 

allowed us to draw the following key conclusions (Table S7). Wi th the 
exception of samples 6 and 7 (Larox and Dorr sludges), the samples 
showed a good geochemical stability, as the majority of Zn and Pb, 
including T l , was associated wi th the oxidizable and residual fractions 
(Table S7). This finding indicates the dominant role of sulfides in the 
total process of T l retention, as wel l as only limited role of sulfide 
weathering in Tl release. On the other hand, there is clear evidence for 
the formation of Tl-containing precipitates (oxides, sulfates) in metal­
lurgical wastes wi th marked T l solubility wi th in the acid-extractable and 
reducible fractions (Table S7). This behavior strengthens the conclusion 
that T l can significantly be mobilized during hydrometallurgical Zn 
extraction, or the metallurgy of sulfides in general. 

3.3. Thallium concentrations and isotopic variability in sulfide 
concentrates 

Thall ium concentrations in the studied concentrates varied sub­
stantially, from 8.6 mg/kg (sample 2) to 169 mg/kg (sample 1) 
(Table 1). A l l samples are identical in their origin, as they originate from 
the low-T sulfide mineralizations (<200 °C) of the Mississippi Valley 
type (MVT) (Supplementary Material). Monovalent T l , as a relatively 
conservative trace element wi th a chemistry similar to K, tends to 
accumulate in "late" hydrothermal fluids from which it can preferen­
tially enter the specific low/medium-T mineral associations, including 
sulfides (Hettmann et al. , 2014). 

The T l isotopic variabili ty observed in the concentrate samples, 
expressed as e 2 0 5 T l , ranged from - 3 . 4 to - 4 . 4 ( ± 0 . 7 ) . The finding 
suggests quite uniform isotopic compositions. Considering the e 2 0 5 T l 
value of —3.9 in the post-flotation waste (sample 5) derived from the 
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Table 1 
Thal l ium/e lement concentrations and T l isotopic signatures ( e 2 0 5 T l ) i n the 
studied Zn-r ich sulfide concentrates, the post-flotation waste and the metallur­
gical waste samples (Larox and Dorr sludges). Detai led information about the 
samples is available i n the Supplementary Mate r ia l section. 

No. Description Tl Zn Pb Fe e 2 0 5 T l 
± 0.7 

mg/ 
kg 

g/kg g/kg g/kg 

Lisheen, 169 500 ± 38 25 ± 2 47 ± 6 -3.47 
Ireland - J_ 4 
concentrate 
(ZnS) 
Pinargozu, 8.64 499 ± 34 47 ± 2 44 ± 6 -3.39 
Turkey - J_ 
concentrate 0.24 
(ZnS) 
Olkusz, Poland 70.1 554 ± 1 5 6 18 ± 2 30 ± 10 -4.40 
- concentrate J_ 
(ZnS) 12.8 
Olkusz, Poland 94.8 366 ± 30 147 ± 20 71 ± 6 -4.20 
- concentrate/ ± 3 . 6 
reflot 
(ZnS+PbS) 
Olkusz, Poland 27.6 116 ± 42 25 ± 5 - -3.89 
- post-flotation ± 3 . 0 
waste (ZnS) 
Larox sludge 122 180 ± 88 123 ± 2 194 ± 98 -3.63 
(50% Olkusz ± 0 
and 50% mix 
Lisheen/ 
Pinargozu) 
Dorr sludge 283 245 ± 102 79 ± 2 135 ± 56 -3.11 
(50% Olkusz ± 34 
and 50% mix 
Lisheen/ 
Pinargozu) 
A smelter feed - 8 6 - - -
material 3.9 
(charge)* 

The T l / m e t a l concentrations are reported at the 2c level (n = 3). 
The e 2 0 5 T l results assign an estimated error o f ± 0.7 e 2 0 5 T l (2a) w h i c h is based on 
our external reproducibi l i ty of mul t ip le separate analyses of the S R M A G V - 2 
(USGS, USA) (Table S3). "Reflot" means a metal-rich concentrate prepared by 
recycl ing of mine waste, i.e., b y flotation. *Data obtained b y a weighted mean 
calculat ion from the Olkusz , Lisheen and Pinargozu concentrate data i n a mix ing 
ratio of ~ 2 / ~ l / ~ l , respectively; see the Supplementary Mate r ia l section for 
details. —: not determined. 

Olkusz ores wi th e 2 0 5 T l values of - 4 . 4 and - 4 . 2 (samples 3 and 4) 
(Table 1), it can be argued that ini t ial sulfide pre-concentration did not 
affect the T l isotopic signature of the flotation product, which is mostly 
absent of gangue constituents. In other words, the role of gangue 
mineralization in total T l isotopic composition of the Olkusz Zn /Pb 
deposit is probably not important. 

It should also be highlighted that the identified overall e 2 0 5 T l range, 
including the lowest e 2 0 5 T l value in the concentrate from Olkusz (—4.4), 
is regularly observed in igneous/hydrothermal and even sedimentary 
rocks or phases (Prytulak et al., 2013, 2017; Nielsen et al., 2017; 
Howarth et al., 2018). Hettmann et al. (2014) on an example of the M V T 
deposit in Wiesloch (Germany) demonstrate relatively similar e 2 0 5 T l 
values to our ore-like samples, wi th e 2 0 5 T l =—2.7 ( ± 0 . 5 ) for sphalerite 
or —1.4 for galena. In general, the authors report that the main cause for 
the T l isotopic variations in sulfides and accompanying trace 
metal-bearing minerals l ike sulfosalts is mass-independent fractionation 
(MIF), wi th a nuclear volume-dependent effect as the controlling 
mechanism. It is assumed that the mass-dependent fractionation (MDF), 
which is typically associated wi th kinetic processes of heavy metal iso­
topes, including T l , seems to be somewhat suppressed during hydro-
thermal processes (Hettmann et al. , 2014). The theory is based on the 
premise that the diffusivity of Tl in the sulfide melt is possibly much 

• 1 1 1 1 1 i 1 1 i i 1 

12630 12670 12710 12750 

photon energy (eV) 

Fig. 2 . Norma l i zed T l L I n - edge X A N E S spectra i n selected sulfide concentrates 
(no. 1 and 4) and metal lurgical wastes/sludges (no. 6 and 7), compared w i t h 
reference spectra for Tl(III)-oxide ( T 1 2 0 3 , avicenite), Tl-jarosite, Tl-sulfide 
(T lAsS 2 , lorandite), aqueous T l + and Tl(I)-chloride. 1 - Lisheen, Ireland; 4 -
Olkusz, Poland; 6 and 7 - Larox and Dorr sludges. Detai led information about 
the samples is available i n the Supplementary Mate r ia l section. 

faster than preferential (kinetically-driven) reactions of T l isotopes over 
the sulfide formation. By combining al l the available T l isotopic M V T 
data wi th the e 2 0 5 T l values observed in the Earth's mantle and/or bulk 
continental crust samples wi th e 2 0 5 T l —2.0 ( ± 1 ) on average (Nielsen 
et al. , 2006a, 2006b, 2017), this could also be evidence for relatively 
low/ l imi ted stable T l isotope fractionation during the formation of sul­
fides wi thin the M V T deposits. Therefore, some consistency in T l iso­
topic signatures wi th the primary magmatic T l source or differentiated 
crust-derived melt enriched in T l could be assumed. 
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3.4. Thallium concentrations and isotopic variability inprocessing wastes 

The metallurgical sludges, wi th up to 283 mg T l / k g (Table 1), indi­
cate substantial Tl(I) accumulation, though mainly in specific newly 
formed oxides and gypsum (Table S6), in line wi th primary T l source(s) 
such as sulfide concentrates (Table 1 and S4). 

The calculated (weighted) mean e 2 0 5 T l value corresponding to the 
metallurgical feed material used in the Boleslaw Zn smelter (as for 
November, 2020), which is a mixture of the concentrates 1, 2 and 3(4) i n 
a ratio of —1/—1/—2, respectively (Supplementary Material), equals 
—3.9. This value is analogous to that observed for a local post-flotation 
waste (Table 1). When e 2 0 5 T l values in metallurgical sludges (—3.6 and 
- 3 . 1 , ± 0 . 7 ) are compared wi th the smelter feed ( -3 .9 , ± 0 . 7 ) , the data 
are indicative of a negligible T l isotopic fractionation. This assumption is 
also consistent wi th only small variations in e 2 0 5 T l (from —4.1 to —3.3, 
±0 .7 ) that we have first observed in a l l local massive ore and various 
waste materials from a high-temperature roasting/Waelz process (fly 
ash, slag and granulated waste) in the same metallurgical plant (Vaněk 
et al. , 2018). Given the l imited isotopic variabili ty in the studied samples 
of only ~1 e 2 0 5 T l (Table 1 and Fig. SI) , including that regarding the 
roasting technology (Vaněk et al. , 2018), we assume that sulfide ore 
processing does not result in significant T l isotopic fractionation(s), i.e., 
in terms of a complete industrial T l cycle. Further evidence for a con­
servative behavior of stable T l isotopes can be seen from Fig. 3, which 
shows that all samples apparently fall in a 2a range of a mean e 2 0 5 T l 
value ( -3 .7) . 

Such an isotopic homogeneity is quite surprising, at least in view of a 
wide range of T l concentrations (—9-280 mg/kg) (Table 1) or a very 
large variabili ty in T l isotopic ratios i n different solid wastes from pyrite 
roasting technology, yielding —17 e 2 0 5 T l units (from —1 to ± 1 6 ) , as 
recently reported by L iu et al. (2020). Therefore, our results are more 
similar to data by Kersten et al. (2014), who observed even an absence of 
Tl isotopic fractionation for a high-temperature process, albeit in rela­
tion to cement production. The authors revealed an analogy in the iso­
topic signature in Tl-rich FeS2, co-combusted waste from FeS2 roasting 
(as an additive) and emitted cement k i ln dust (CKD), all exhibiting e 2 0 5 T l 
- 0 . 

Indeed, our earlier isotopic data for fly ash and slag in the Boleslaw 

300 

250 

200 
CD 

D ) 150 

i - 100 

50 

estimated error 
±0.7 units (2a) -3.9 

mean 
-3.7 

estimated error 
±0.7 units (2a) 

W 

9 

• 
• 

-5 -3 

8 2 0 5 TI 

-2 

Zn smelter point to isotopically lighter T l in the fly ash, corresponding to 
0.8 e 2 0 5 T l unit as a difference (Vanék et al. , 2018). The finding was 
explained by a higher rate of reaction kinetics of the 2 0 3 t 1 isotope during 
evaporation, followed by the accumulation of 2 0 5 T l i n the remaining slag 
phase. From this viewpoint, the concept is synonymous to that proposed 
by L iu et al. (2020), who, on the basis of a Rayleigh distillation model, 
demonstrated marked T l isotopic fractionation factors of oyag-vapor 
= 1.0010-1.0025 between the slag and model vapor phase (Liu et al. , 
2020). We observed similar behavior in various emitted 
temperature-controlled T l vapor and condensate samples ( e 2 0 5 between 

6 and —10), in comparison to the bottom ash ( e 2 0 5 —0) from in­
dustrial coal burning, thus, exhibiting a total variabili ty of 10 e 2 0 5 T l 
units (Vanék et al. , 2016). However, a l l the solid materials of fly and 
bottom ashes derived i n the studied coal-fired power plant (Turów, 
Poland) showed much lower isotopic variability, which accounted for 
- 2 . 5 E 2 0 5 T l units (Vanék et al. , 2016). A t this point, again, it should be 
noted that we did not observe similar marked isotopic variations i n any 
solid material or critical reaction products throughout the currently 
studied metallurgical technology. Moreover, a l l the identified Tl shifts 
were insignificant, on the basis of 2a (Fig. 3). 

In contrast, for stable Zn isotopes during primary Cu smelting 
(Krompachy, Slovakia), Bigalke et al. (2010) proved significant isotopic 
variations, in fly ash ( 6 6 6 Z n , —0.41%o) and grained slag and solid waste 
(0.18%o and 0.25%o, respectively). This is congruent wi th data detected 
by Cloquet et al. (2006) for stable Cd isotopes. Comparable results are 
also reported by Kribek et al. (2018) for Cu isotopes from the Cu smelter 
in Tsumeb (Namibia). The authors revealed isotopically lighter Cu in the 
fly ash ( 6 6 5 C u = +0.15%o) relative to the Cu isotopic signature in the 
smelter charge ( 5 6 5 C u = +0.28 and +0.44%o). A l l this information, in 
combination, possibly indicates the abili ty of lighter trace elements (Zn, 
Cu, N i , Cd etc.) to be isotopically redistributed more significantly during 
both high- and low-temperature metallurgical operations or wi th in 
anthropogenic activities in general (Wiederhold, 2015; Chras tný et al. , 
2015). 

3.5. Potential link between Tl speciadon and Tl isotopic data? 

A combination of T l mineralogical and speciation data and T l iso­
topic compositions in the studied samples did not reveal any l ink be­
tween T l forms and T l isotopic signature. Omitting the fact that the total 
number of X A N E S and E P M A analyses was limited, apparently T l was 
mainly present as Tl(I) and ZnS was a dominant Tl-host phase in a l l 
concentrate samples (Figs. 1 and SI). Thal l ium was also detected in 
other minor sulfides (FeS2, PbS). Nevertheless, the overall distribution of 
T l was relatively uniform in different sulfide minerals (<0.2 wt%) 
(Table S4). Similarly, both the secondary Tl-rich minerals (mainly sul­
fates) and metallurgical precipitates (spinel oxides) d id not indicate any 
important shifts in T l concentrations, a l l exhibiting < 0.3 wt% 
(Tables S5 and S6). 

Regarding the absence of any relationship between Tl(I) speciation 
and the isotopic T l signature, we assume that the T l isotopes can be more 
efficient as qualitative tracers of the genesis of ore deposits. More spe­
cifically, T l isotopic ratios can successfully be used as tracers of specific 
inter-element or mineral relationships wi thin a specific deposit/miner­
alization for which, however, an accurate separation of Tl-rich minerals 
accompanied by selective T l isotopic analysis is essential (Hettmann 
et al. , 2014; Rader et al . , 2018). 

4. Conclusions 

Fig. 3. Thallium concentration in the studied sulfide concentrates, the post-
flotation waste and the metallurgical wastes/sludges (red points) vs. e 2 0 5 Tl . 
Black bold line depicts an unweighted mean e 2 0 5 T l value calculated from all the 
samples (—3.7), blue dotted line depicts a calculated model e 2 0 5 T l value for the 
metallurgical feed (—3.9). An estimated error of ± 0.7 e 2 0 5 T l (2er) is based on 
our external reproducibility of multiple separate analyses of the SRM AGV-2 
(USGS, USA) (Table S3, Supplementary Material). 

Contamination of the environment wi th T l due to mining/processing 
of sulfides has widely been reported (Kazantzis, 2000; Xiao et al . , 2004, 
2012; Jakubowska et al. , 2007; Karbowska et al . , 2014; Gomez-Gonzalez 
et al. , 2015; L iu et al . , 2016, 2019; Aguilar-Carri l lo et al . , 2018; Garrido 
et al. , 2020; Wei et al . , 2021; Ning et al. , 2021). Furthermore, it seems 
that similar to industrial coal burning, this activity is potentially 
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responsible for up to 1/4 of global anthropogenic T l inputs (>0.5 Gg 

Tl/year) (John Peter and Viraraghavan, 2005). 

Here, we present the first evaluation of T l isotopic ratios over a 

complex cycle of sulfide processing, from the ore flotation to pyro- and 

hydrometallurgical stages. We found only insignificant T l isotopic var­

iations (on the basis of 2a, 0.7 e 2 0 5 T l ) between ini t ial smelter feed -

sulfide concentrates and the waste materials from hydrometallurgical Zn 

extraction, in spite of relatively large differences in their T l concentra­

tions. The present data confirmed a very good consistency wi th the Tl 

isotopic data that we first obtained solely wi th in roasting technology i n 

the same plant (Vaněk et al. , 2018). In combination, the results point to 

minimum T l isotopic effects in terms of a total industrial process. 

We found that the prevailing T l form in al l concentrates and metal­

lurgical wastes is Tl(I), without any preferential incorporation into 

sulfides or Tl-containing secondary phases, mainly sulfates and spinel 

oxides. Therefore, we expect any reactions which alter T l redox speci-

ation (oxidation) and which could possibly be expected for some stages 

of hydrometallurgical processing to be absent. These reactions, i f pre­

sent, could lead to marked Tl isotopic effects (Wiederhold, 2015; Nielsen 

et al. , 2017). 

In summary, the obtained T l isotopic data are similar and mimic the 

signature of the primary T l source in a l l the key stages of sulfide pro­

cessing. As a result, the use of T l isotopic ratios as a source proxy or for 

quantifying industrial emissions may be complicated or even impossible 

in areas wi th naturally high/extreme Tl background contents. On the 

other hand, areas wi th two or more isotopically contrasting Tl sources 

allow for relatively easily tracing (Kersten et al. , 2014; Vaněk et al. , 

2016; Grósslová et al. , 2018), for instance, in sediments or soils which do 

not suffer from post-depositional isotopic redistribution effects. 
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1. Introduction 

Peat organic matter may behave as an efficient scavenger of trace 
elements (e.g., Pb, Sb, H g and Ag) that are atmospherically deposited 
onto peatlands (e.g., Cabala et al. , 2013; De Vleeschouwer et al. , 2009, 
2020; Farmer et al. , 2006; Fiaíkiewicz-Kozieí et al . , 2018, 2020; 
Kylander et al . , 2005; Mihaljevič et al . , 2006; Novak et al. , 2008; Shotyk 
et al. , 1992, 1996, 1998, 2001, 2016a,b, 2017; Shotyk and Krachler, 
2004; Smieja-Król and Bauerek, 2015; Smieja-Król et al . , 2015, 2019; 
Vaněk et al. , 2021; Weiss et al. , 1999, 2002, 2007; Zuna et al. , 2011, 
2012). Regarding element capture, dust particle fixation, 
specific/non-specific sorption or even coprecipitation a l l have to be 
considered (Cabala et al. , 2013; Smieja-Król et al . , 2010, 2015). 
Furthermore, there are contaminants such as Zn, Cu, N i or Cr which, by 
contrast tend to be mobile and readily migrate in peatlands (Novak and 
Pacherova, 2008; Smieja-Król and Bauerek, 2015; Vaněk et al. , 2021; 
Weiss et al. , 2007). 

In this context, still l imited geochemical data are available for thal­
l ium (Tl), a highly toxic trace element (Nriagu, 1998), and its fate in 
organic geosystems (fen, bog, forest floor layer, etc.) (Jacobson et al. , 
2005a,b; Shotyk and Krachler, 2004; Shotyk et al. , 2017; Smieja-Król 
et al . , 2015). More specifically, the stability and dissolution kinetics of 
Tl-rich compounds (mainly sulfides) in the presence of water-saturated 
particulate peat, the types of secondary alteration products, or the 
associated degree of T l leaching in both the short- and the long-term, are 
unclear. At this point, it should be noted that sulfide ore mining and 
processing are among the most important sources of anthropogenic T l i n 
the environment (e.g., Aguilar-Carri l lo et al . , 2018; Cabala and Teper, 
2007; Garrido et al. , 2020; Gomez-Gonzalez et al. , 2015; Grósslová et al. , 
2018; Jakubowska et al. , 2007; Karbowska et al. , 2014; Lis et al . , 2003; 
Liu et al . , 2016, 2019, 2020a,b, 2022; Lukaszewski et al . , 2018; Vaněk 
et al. , 2013, 2018, 2022; Wang et al. , 2021; Xiao et al. , 2004a, 2004b, 
2012; Z h o u e t a l . , 2022). 

In this study, we present combined chemical and mineralogical data 
on the weathering of Tl-containing sulfides subjected to model peat 
conditions. The contaminating material represents a Tl-rich sulfide 
concentrate from the flotation of Zn-Pb ores (Olkusz, Poland). Due to its 
grain size (<60 um, corresponding to the clay/si l t sized fraction), it can 
be assumed to account for the majority of fugitive dust mass flux, i f it is 
wind-mobilized (Robson et al. , 2014). From this viewpoint, the 
concentrate has environmental relevance for both local ore mining- and 
processing-related activities, and it may also serve as a model material 
for similar Tl-affected areas. 

The following major questions were addressed in our research: (i) 
Does the peat organic matter significantly accelerate sulfide weathering 
and T l release in a short-term period (<12 weeks), and i f so, what are the 
key controlling mechanisms? (ii) Does the formation of secondary T l -
containing phases potentially l imit T l mobilization and its entry into 
the organic environment? (iii) Could acid rainwater enhance sulfide 
degradation and T l release in naturally acidic peat? These answers are 
clearly needed for a complex understanding of Tl behavior, its fate or 
geochemical cycling in polluted organic environments. 

2. Experimental 

2.1. Peat and contaminating sulfide material 

A commercial pollutant-free ombrotrophic peat (Agro, Czech Re­
public) was used throughout our experiments. Basic data on its physi-
cochemical properties are summarized in (Table 1), these were obtained 
using the following methods: The peat p H values were determined in 
H2O and K C l solutions (v /v ratio, 1/5) and the cation exchange capacity 
(CEC) was calculated on the basis of the Bower Na/NFL| acetate method 
(Bower et al. , 1954). The total carbon and sulfur concentrations (TC, TS) 
were determined using the elemental CNS analyzer (Flash, 2000; 
Thermo Fisher Scientific, Germany). To calculate the ash content (loss of 
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Table 1 
Basic physicochemical properties and trace element concentrations in the 
experimental peat used in the laboratory pot trial. 

LOI TC" TS CEC'1 Tl Zn Pb 

H 2 0 KCl (%) (%) (cmol+/ 
kg) 

(mg/kg) 

4.3 3.2 89 41.7 0.5 99 0.03 ± 
0.004 

13.8 
± 0.3 

6.05 
± 0.7 

Trace element concentrations depict means (n = 3; ± 1 SD). 
LOI: loss on ignition. 

a The data depict means (n = 3; RSD <10%). 

ignition), 1 g of peat sample was burned at 550 °C (% of dry sample 
weight). 

The Tl-rich sulfide concentrate, representing the anthropogenic 
model source of Tl/trace elements in the studied peat, was obtained by 
the flotation of Zn-Pb ores from the hydrothermal /MVT deposit at 
Olkusz in Poland. Its granulometry was double-checked so that the 
sample was sieved to <63 um particle-sized fraction, using a stainless-
steel sieve (Fritsch, Germany), and examined wi th scanning electron 
microscopy (SEM), showing the average particle size <30 um (Fig. 1). 
The bulk mineralogy was determined using X-ray diffraction analysis 
(XRD) (X'Pert Pro diffractometer, PANalyt ical , the Netherlands) under 
the following conditions: CuKa radiation at 40 kV (30 mA), 2 theta range 
of 5 -80° , counting time of 150 s per step (step of 0.02°) , in combination 
with X'Per t High Score Plus 3.0 software and a Crystallography Open 
Database (COD) (Grazulis et al . , 2012). The electron probe microanal­
ysis (EPMA) using a JEOL JXA-8530 F (JEOL, Japan) electron probe 
microanalyzer wi th a field emission gun as an electron source and an 
energy dispersion spectrometer (EDS) (JEOL JED-2300 F) was used to 
assess the individual role of metal sulfides and their alteration products 
in the fixation of T l . Complex data on the chemical and mineralogical 
compositions of the sulfide concentrate is given in Table 2. 

2.2. Laboratory pot trial 

In the pot experiment, 0.5 g of sulfide concentrate ( ± 0 . 0 0 0 1 g) was 
placed into double-layered polyamide bags (NITEX 0 3 - 1 / 1 , Sefar A G , 
Switzerland; 3 x 3 cm inner bag and 5 x 5 cm outer bag wi th a mean 
mesh size of 1 um). A l l the bags were sealed by welding, weighed, and 
stored before further use. A mass of 60 g of peat was placed into acid-
washed 150 mL polypropylene pots. Rhizon pore water samplers 
(Rhizosphere Research Products, the Netherlands) were placed in the 
bottom part of each pot (Fig. 2). The bags were placed horizontally into 

Fig. 1. Scanning electron micrograph in back-scattered electrons (SEM-BSE) of 
the Tl-rich sulfide concentrate used in the pot trial. Phase abbreviations: Sp -
sphalerite (ZnS); Py - pyrite (FeS2); Dol - dolomite (CaMg(C0 3) 2). 
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Table 2 
Chemical and bulk mineralogical data of the Tl-rich sulfide concentrate used in 
the laboratory pot trial. 

Total element concentrations After Incubation1 

(n = 3; ± 1 SD) H 2 0 / S R W 
Tl (mg/kg) 94.8 ± 1.8 85.9/85.6 
Zn (g/kg) 366 ± 15 350/318 
Pb (g/kg) 147 ± 10 -
Fe (g/kg) 71 ± 3 -
Mg (g/kg) 6 ± 0.07 0.36/0.39 
Bulk mineralogy'1 Semi-quantity 
Sphalerite (ZnS) ++++++ 
Galena (PbS) ++ 
Pyrite (FeS2) +++ 
Anglesite (PbS0 4) ++ 
Sussanite (Pb 4 (C0 3 ) 2 (S0 4 ) (OH) 2) ++ 
Plumbojarosite (PbFe 6 (S0 4 ) 4 (OH) 1 2 ) + 
Dolomite (CaMg(C0 3 ) 2 ) ++ 
Quartz (Si0 2 ) + 
Tl in sulfides (wt.%)1' 0.04-0.20 

a Data obtained by X-ray diffraction analysis (Fig. SI, Supplementary Mate­
rial); ++++++ major component (>50%); +++ (—20%); ++ (—5%); + 
(traces). 

b Data obtained by EPMA on the basis of number of spot analyses (Table S2, 
Supplementary Material). 

c Data related to the end of the pot trial (after 12 weeks) using deionized H 2 0 
and synthetic rainwater (SRW) for peat watering/concentrate incubation; — no 
difference in relation to initial element concentrations. 

the peat, 1 cm below the surface. A l l pots were then watered wi th either 
deionized H 2 0 ( M i l l i Q + , Mil l ipore , USA) or synthetic rainwater (SRW) 
to maintain 70% water holding capacity (WHC), corresponding to a 
volume of —65 m L This type of saturation was constant over the whole 
experiment. The SRW was prepared according to the protocol used in a 
precipitation leaching procedure (SPLP) (acid water solution - p H 4.2 ± 
0.05; 60 /40 wt% mixture of H 2 S 0 4 and HNO3) related to industrially 
affected areas (EPA Method 1312, USEPA). The pots without bags were 
used to control the release of trace elements from the peat matrix. The 
experiment was run in pentaplicates for both H2O and SRW variants 
(Fig. 2). This methodological approach is adopted from previous envi­
ronmental studies of Ettler et al. (2012, 2016), which dealt wi th the 
reactivity and solubility of various fly ashes in different types of soils. 

The peat pore solutions (—2-3 mL) were sampled after 1, 2, 3, 4, 6, 8 
and 12 weeks (84 days). A l l samples were filtered using 0.45 p:m nylon 
syringe filters (Nalgene, USA) and their p H and Eh values were imme­
diately measured using a Handylab p H 11 multimeter (Schott, Ger­
many). Subsequently, the filtrates were diluted, stabilized and stored 
before determination of T l , Zn, Pb and Fe concentrations (see Section 
2.3). At the end of the trial, individual bags were extracted and weighed 

again to quantify their mineral loss. The altered concentrate was dis­
solved and analyzed for individual element contents so that their role in 
material degradation could be selectively quantified. In order to eval­
uate the peat contamination resulting from the alteration (weathering) 
of the sulfide concentrate, peat in the pots was divided into two seg­
ments (Fig. 2) and subsequently analyzed for total T l , Zn, Pb and Fe 
concentrations. A sample aliquot of 0.5 g dissolved in a mixture of 
concentrated HNO3/HCI/HF (Merck Ultrapure, Germany) (3:1:0.5 ratio, 
— 12 mL, total volume) using a microwave system (Multiwave 5000, 
Anton Paar, Austria) preceded this analysis. A n Analogous digestion 
procedure was used for the uncontaminated peat. The sulfide concen­
trate sample was dissolved from a mass of 0.2 g which was subjected to a 
mixture of concentrated HNO3/HF (2:1 ratio, —20 mL, total volume) in 
PTFE beakers (60-mL, Savillex, USA) placed on a ceramic plate (175 °C) 
for 48 h. 

2.3. Analyses 

Concentrations of T l , Zn, Pb, Fe and M g in individual solutions, 
digested peat and sulfide concentrate samples were determined using Q-
ICP-MS (Xseries II, Thermo Fisher Scientific, Germany) under the stan­
dard analytical conditions. QC was ensured using the standard reference 
material 2711 (Montana Soil , NIST, USA). The accuracy of individual 
measurements was typically <5% RSD (Table S I , Supplementary 
Material). 

2.4. Statistics 

Statistica 13.3 software (StatSoft Inc, USA) was used to perform 
statistical analyses. Basic statistical parameters, such as the averages and 
the standard deviations were computed. One-way analysis of variance 
(ANOVA) and post-hoc Tukey test (p < 0.05) was performed for cate­
gorical variables (Tl and Zn concentrations) to compare the laboratory 
pot experiment variants - H2O and SRW. 

3. Results and discussion 

3.1. Thallium and metal concentrations in peat solutions 

Element monitoring in the peat solutions showed a gradual/time-
dependent increase in T l concentrations (Fig. 3). This trend is related 
to T l leaching from sphalerite (ZnS), a major Tl-containing phase, and to 
a l imited degree from less abundant galena (PbS) and pyrite (FeS2) 
(Table 2 and S2; Fig. SI) . Regarding Zn, its concentrations in the peat 
solutions were rather stable throughout the pot trial, suggesting 
different geochemical patterns between Zn and T l , and even the incon-
gruent dissolution of ZnS. For example, given the T l / Z n solution ratios in 

(A) 
H , 0 

SRW 

(B) experimental bag 
(0.5 g sulfide concentrate) 

control Rhizon 
lysimeter 

60 g peat 

Fig. 2. The pot trial setup with bags containing sulfide concentrate - Tl/trace element source (A). Deionized H 2 0 (H 2 0) and synthetic rainwater (SRW) were used for 
peat watering. Pots without bags were used as a control variant. Location of the bag, Rhizon pore solution sampler and peat segments sampled at the end of the 
concentrate incubation (12 weeks) (B). 
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Time (weeks) 

Fig. 3. Thallium, Zn, Pb and Fe concentrations in peat pore solutions over the 
pot trial/12 weeks (n = 5; ±1 SD); synthetic rainwater (SRW), deionized water 
(H 2 0), control - no contamination. 

the first third, or at the end of the experiment (4 and 12 weeks, 
respectively) relative to their concentrations present in the concentrate 
sample, the calculated T l / Z n values in the solutions are 3-5 times 
higher. This finding indicates that Tl and Zn were not released in the 
same proportion as they were found in the concentrate (Fig. 3), 
considering their similar affinity to particulate peat estimated for both 
elements (Tl and Zn). Therefore, the primary cause could be heteroge­
neous distribution of T l in the structure of ZnS, and/or T l association 
with more soluble (unidentified) T l species that can become enriched on 
the sulfide surface(s) (Table S2), resulting in relatively higher T l release, 
compared to Zn. 

Significantly higher T l and Zn mobilization rates were observed for 
the SRW variant, as compared to H2O, wi th maximum concentrations of 
~ 5 ug T l / L and 6 mg Z n / L . Therefore, acid-promoted and/or oxidative 
leaching (due O2 or F e 3 + ) are assumed to be the key control mechanisms 
for the dissolution of ZnS and enhanced Tl and Zn release (Robson et al. , 
2014). The finding further implies that the acid rainwater in 
mining/smelting-affected areas can substantially affect sulfide dust 

degradation, even in naturally acidic peat environments. Considering 
the increasing trend in T l concentrations in the peat solutions (Fig. 3), it 
can be argued that the short-term T l retention by the particulate peat 
matter is not considerably high (Jacobson et al. , 2005a) and led to a 
vertical migration of T l (see Section 3.2). In agreement wi th the model 
sorption studies compiled by Nriagu (1998), the Tl(I) complexation wi th 
most organic ligands (log K < 2.0) or fulvic and humic acids (log K < 5) 
is weak and probably insignificant in its fixation by peat. The only 
exception is T l adsorption on the S-rich compounds, i.e., specifically 
bound to the - S H functional groups (Jacobson et al. , 2005b). However, 
Mart in et al. (2020), who evaluated T l sorption types on natural organic 
compounds using the NICA-Donnan model, also report that quite a small 
portion (—15%) of total T(I) speciation can actually be complexed. 
Therefore, the formation of stable Tl(I) complexes on the surface of peat 
organic matter is not likely, and T l is suggested to mainly associate wi th 
the exchange site positions, i.e., similar as for the organo-mineral soils 
(Vaněk et al. , 2013, 2016, 2018). The retention of Tl i n peat v i a the 
indiscriminate (or discriminate) abiotic uptake wi th K + o r N H 4 + , having 
similar ionic properties and geochemical and sorption behavior (Kersten 
et al. , 2014; L iu et al. , 2020a,b, 2022; Vaněk et al. , 2011, 2012, 2019; 
Voegelin et al. , 2015; Wang et al. , 2021; Wick et al. , 2019, 2020, etc.) is 
questionable. However, during a batch T l sorption study, Jacobson et al. 
(2005a) document that both these cations ( K + and N H 4

+ ) do not act as 
important competitors for T l exchange sites. This factor could be more 
important for l iv ing peat biota and associated biogeochemical cycling 
where the K-channel could be one of the key control mechanisms 
affecting biotic uptake and translocation of T l (Rader et al. , 2019; Vaněk 
et al. , 2019). 

Different concentration trends were observed for Pb and Fe. Wi th the 
exception of a small Pb peak (—30 ug/L) found i n the 2nd week of peat 
monitoring, both these elements showed constant, and low rate, solu­
bilizations without any significant differences for a l l the SRW, H2O and 
the control variants (Fig. 3). Therefore, it can be reasonably assumed 
that especially PbS and the identified products of its alteration such as 
anglesite (PbSC>4), plumbojarosite (PbFe6(S04)4(OH)i2) or susannite 
(Pb4(C03)2(SC>4) (OH)2) were relatively stable in the peat and played a 
minor role in the Pb, Fe and T l release (Table 2 and S3, Fig. 1). In 
addition, low solubilities of PbS (iC s p = 1 0 ~ 1 3 - 9 7 , PHREEQC database) 
and Pb sulfates in organic soils have previously been reported by e.g. 
Ettler et al. (2005) etc. The relatively low solubility of PbS in the peat 
environment is in line wi th the results presented by Smieja-Król et al. 
(2010), who clearly indicate its resistance in peat for at least hundreds of 
years. The PbS half-life in peat can further be prolonged wi th a decrease 
in Eh, which could potentially happen in deeper peat layers of natural 
bog sediments, even capable for authigenic PbS formation (Smieja-Król 
et al . , 2010, 2015). Moreover, dissolved Pb, i f present, tends to be 
strongly bound to the peat matter (see Section 3.2), where it typically 
forms stable surface complexes wi th number of primary organic and/or 
humic compounds (Mihaljevič et al . , 2006; Novak et al. , 2008; Novak 
and Pacherova, 2008; Smieja-Król et al . , 2010, etc.). To summarize, the 
acidic character of the studied peat (pHH20 = 4.3, Table 1) and the 
reduced stability of sulfides, which makes them more susceptible to 
further alterations (Vaněk et al. , 2015), is not l ikely to have led to the 
significant mobilization of Pb and Fe. The generally low Fe concentra­
tions in the peat solutions can be attributed to the low dissolution of FeS2 
(Fig. 3) supplemented by F e 3 + complexation by peat matter and/or the 
identified Fe coprecipitation wi th secondary Pb phases (e.g. plumbo­
jarosite), as there was no evidence for the formation of secondary Fe 
(Ill)-oxides or Fe(III)-sulfates from the altered FeS2 (Table 2, Fig. 1 
and SI) . This type of weathering behavior could be promoted by 
different oxidation kinetics for individual sulfides in sulfide associations. 
A l imited oxidation of sulfides wi th a high electrode potential (FeS2) 
relative to other sulfides such as ZnS, exhibiting low conductivity and 
associated higher oxidation potential, was proven by Sato (1992). 

The average mass loss of the sulfide concentrate reached high values 
at the end of its incubation (12 weeks), which accounted for 9 ± 1 and 
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10.4 ± 0.8 wt% for deionized H2O and the SRW variants, respectively. 
Considering this data, the approximate model-life time for the contam­
inating material (= at given conditions) would equal to only 2-3 years. 
However, in view of selective breakdown of dolomite (CaMg(CC>3)2), as 
it is indicated by > 90-wt.% depletion of the ini t ial M g amount in the 
altered concentrate (6 g /kg relative to 0.4 g/kg, Table 2), this mineral is 
assumed to account for the majority of the material loss. Following the 
observed low Pb and Fe solubilities, the presence of Pb- and Pb-Fe 
sulfates and the presumption for their continuous formation, affecting 
the mobil i ty of major/trace elements in oxic peat systems (surface peat 
layers) (Cabala et al., 2013; Smieja-Król et al., 2010, 2015; Smieja-Król 
and Bauerek, 2015), the predicted contaminant retention time is at least 
of order(s) of magnitude higher. 

It should be highlighted that we did not observe any significant 
changes in the peat solution p H during the dissolution and/or alteration 
of sulfides, which in that case might be l inked wi th the H3O con­
sumption and associated p H increase. In fact, slightly lower p H values 
(—3.9-4.2) were found for the SRW variant as compared to the H2O 
treatment (—4.2^.3), indicating the more important acid effect of 
synthetic rainwater and/or soluble organic substances (acids). The 
redox potentials (Eh) of —200-300 m V assigned relatively stable oxic 
conditions throughout the pot trial (data not shown), similar to those 
observed by e.g. Robson et al. (2014), albeit in agricultural mineral soils 
solely amended wi th ZnS microparticles. 

3.2. Thallium and metal concentrations in peat 

In agreement wi th the peat pore water data, the release of T l , Zn, Pb 
and Fe is reflected by their concentration gradients in the peat itself 
(Fig. 4). A comparison of the contaminated peat segments wi th the 
trends found for the uncontaminated peat showed that Zn displayed the 
highest (up to —70-times) enrichment (<940 mg Zn/kg) (Fig. 4). In line 
with our previous results from the mining-affected peatland at Wolbrom 
(Poland), being a natural analogy to the present pot trial, Zn showed 
similar increased mobili ty in the peat profile (Vaněk et al. , 2021). 

Regarding T l and Pb concentrations, much lower concentration 
gradients were observed for both elements. The T l and Pb patterns 
depicted maximum —12- and 4-times enrichments (0.4 and 25 mg/kg) 
in the topmost peat relative to the control variant (0.03 and 6 mg/kg), 
respectively (Fig. 4); this observation was consistent wi th the low con­
centrations in the peat solutions. Omitting the fact that both T l and Pb 
demonstrate l imited solubilizations in peat (Fig. 3) (e.g., Shotyk et al. , 
2016b; Shotyk and Krachler, 2004; Vaněk et al. , 2021), Pb, in contrast to 
Tl , also tends to occur in large colloids where stable Pb-complexes wi th 
insoluble humic acids can readily form (Gao et al. , 1999), lessening its 
migration even further. Although we did not identify statistically sig­
nificant differences in peat metal concentrations between the SRW and 
the H2O variants, rainwater apparently promoted sulfide degradation 
and vertical migration of Zn and T l (Fig. 4), in line wi th the peat solution 
data (Fig. 3). Given the element concentrations in the contaminated 
bottom peat segments and the uncontaminated peat (control), we can 
suggest a higher migration potential of T l relative to Pb. The prediction 
is in accordance wi th the enrichments that accounted for —6-8 for T l , 
1-2 for Pb, and up to —36 for Zn (Fig. 4). Regarding Fe, again, very 
limited leaching from the contaminating concentrate is evident, which, 
i f present, could be related to the potential dissolution and/or alteration 
of FeS 2 (Fig. 4). 

As such, a l l the data in combination wi th the results for the peat 
solutions (Fig. 3) favor the anticipated vertical migration of Zn in the 
experimental pots, i.e., similar to natural peat profiles (Vaněk et al. , 
2021; Weiss et al. , 2007), as wel l as the more conservative behavior of 
Pb relative to T l (Mihaljevič et al . , 2006; Shotyk and Krachler, 2004; 
Shotyk et al. , 2017; Smieja-Król et al . , 2015). Even though we did not 
study metal speciation in the peat solutions, Novak and Pacherova 
(2008) demonstrate that the formation of Zn complexes wi th mobile 
fulvic acids (unlike humic substances) could further promote Zn vertical 

mg/kg 
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Fig. 4. Total Tl, Zn, Pb and Fe concentrations in individual peat segments (top 
and bottom) extracted from the experimental pots (n = 5; ±1 SD); synthetic 
rainwater (SRW), deionized water (H 2 0), control - no contamination. Data with 
the same letter represent statistically identical values according to the one-way 
ANOVA and the post-hoc Tukey test (p < 0.05). Thallium and Zn was 
tested separately. 
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migration i n the peat column. 

3.3. Implications for organic environments 

Our data do not indicate any formation of Tl-organic complexes that 
could potentially affect (reduce) T l mobil i ty in peat, in line wi th earlier 
findings from the organic environments (Jacobson et al. , 2005a,b; 
Mart in et al . , 2020; Nriagu, 1998). Therefore, our results imply that 
mobilized T l was adsorbed more simply in the studied peat, following 
the non-specific exchange reactions onto the surface of peat organic 
matter (Vaněk et al. , 2021). When viewing T l concentration trends in 
both peat solutions and peat material itself, T l exhibits a higher migra­
tion potential compared to Pb (Figs. 3 and 4). This finding is consistent 
with data reported by e.g. Wojtkowiak et al. (2016) showing increased 
Tl concentrations in natural groundwaters derived from Tl-rich Miocene 
organic sediments (Poznan region, Poland). Based on trials wi th SRW 
and H2O, it can be assumed that cyclic changes in the peat p H can result 
in increased degradation of specific sulfides, mainly ZnS and associated 
Tl leaching. Shotyk and Krachler (2004) reported that T l in a peat bog is 
mostly as stable as Pb, and it tends to exhibit similar pattern(s) to Pb 
(and Ag) in peat profiles. This type of P b - T l geochemical analogy was 
also recently observed in a contaminated natural peatland at Wolbrom 
(Vaněk et al. , 2021). On the contrary, the present results show that such 
an assumption does not need to be a rule and can differ during (indus­
trial) acid precipitations, which may promote T l mobilization in peat. 
Although, here we report only short-term data on Tl-rich sulfide 
weathering in a model peat system, apparently a l l PbS, or newly-formed 
(secondary) Tl-containing phases (mainly Pb-sulfates) (Table S3) did not 
act as controls reducing T l entry into the peat solution/peat. This type of 
Tl behavior is reported for secondary Fe/Mn-oxide precipitates i n 
various sea sediments, laterites or redoximporhic soils that a l l showed 
systematic capture of dissolved Tl(I) by secondary Mn(III,IV)-oxides (e. 
g. hexagonal birnessite) over its uptake by Fe(III)-oxides (Nielsen et al. , 
2017; Howarth et al. , 2018; Ostrander et al. , 2019; Owens et al. , 2017; 
Peacock and Moon, 2012; Rehkámper et al. , 2002, 2004; Vaněk et al. , 
2020; Vejvodova et al. , 2020; Wick et al. , 2019, 2020). Omitting the 
ability of Fe-oxides to form in peat sediments as wel l (Cabala et al. , 
2013; Smieja-Król et al . , 2010, 2015), simultaneous formation of 
Mn-oxides seems to be unlikely or only scarce, mainly due to very low 
peat-pH values (—3-4) for most peatlands, resulting in l imited stability 
and precipitation potential of Mn-oxides in general. 

4. Conclusions 

This study demonstrates chemical and mineralogical data on the 
weathering of Tl-containing sulfides in a model peat system, to gain 
detailed insights into: (i) geochemical stability of important carriers 
(sulfides) of anthropogenic T l in organic environments, (ii) the forma­
tion of secondary Tl-containing phases, which could potentially l imit Tl 
mobilization and associated environmental availability, and (iii) the role 
of acid rainwater in a l l T l mobility, alteration and cycling in acid organic 
environments. We found that sphalerite (ZnS) was much less stable in 
the peat environment than other Tl-containing sulfides, namely galena 
and pyrite. Thus, sphalerite acted as a major primary phase responsible 
for T l mobilization. We also identified an incongruent leaching of T l over 
Zn throughout the 12-week pot trial, suggesting relatively higher Tl 
release from ZnS. Furthermore, Tl showed a greater accumulation in the 
peat solution and the peat that was subjected to acid rain watering, as 
compared to a deionized H2O regime. The finding is in line wi th the fact 
that we did not observe any formation of secondary Tl-containing phases 
which could potentially control the T l flux into the peat. In contrast to 
previously published results from the peat systems, our model data 
clearly indicate that T l is not as conservative as Pb, resulting in a higher 
mobili ty and migration potential of T l in comparison to Pb. In conclu­
sion, we can state that industrial acid precipitations can significantly 
affect the stability of ZnS even in acidic peat/organic environments, 

making it susceptible to enhanced weathering and T l release in the long 
term. 
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IJT1) in 
specific industrial processes, soils and plants is presented. An overview of the processes that may control Tl 
concentration and Tl isotope fractionation is compiled, while also overviewing the ability of Tl isotopic ratios to 
be used as a 'fingerprint' in source apportionment. Thallium isotopic compositions not only depend on their 
origin, but also on soil processes that may occur over time. One of the most important phases affecting the 
fractionation of stable Tl isotopes in soils (or sediments) was systematically identified to be specific Mn(III,IV)-
oxides (mainly bimessite), due to their potential ability of oxidative Tl sorption, i.e., indicative of redox Tl re­
actions to be critical controlling factor. It has been established that the Brassica family is a hyperaccumulator of 
Tl, with clear demonstrations of Tl isotopic fractionation occurring up the translocation pathway. A clear pattern, 
so far, was observed with Tl isotopic compositions in plants grown on soils that were contaminated and those 
grown on uncontaminated soils, indicating the importance of the growing medium on Tl uptake, translocation, 
and isotopic fractionation. 

1. Introduction 

1.1. Thallium in the environment 

While there is some understanding about the chemistry and the 
toxicity of thall ium (Tl), there are still gaps i n the geochemistry of the 
element and very l imited information about T l isotopes and isotopic 
fractionation in plants. 

It is naturally found in the environment wi th a mean Tl concentration 
in the Earth's crust ranging between 0.1 and 1.7 mg/kg. It is mostly 
associated wi th Tl-bearing sulphides (pyrite (FeS2), galena (PbS), 
sphalerite (ZnS), chalcopyrite (CuFeS2), realgar (AS4S4)), Mn-oxides and 
silicates (biotite (K(Mg,Fe)3AlSi 3O 1 0(OH)2), muscovite ( K A l 2 ( A l S i 3 O 1 0 ) 
(OH) 2 ) , K-feldspar ( K A l S i 3 0 8 ) ) Fe-(hydr)oxide (hematite ( F e 2 0 3 ) and 
goethite ( a -Fe 3 + 0(OH)) , i l l i te (Ko . 6 5 Al 2 . o [Al 0 .65Si 3 . 3 5Oi 0 ](OH) 2 ) and 
jarosite K F e 3

+ ( S 0 4 ) 2 ( O H ) 6 ) (Nriagu, 1998; Kaplan and Mattigod, 1998; 
Lis et al . , 2003; Peter and Viraraghavan, 2005; Karbowska, 2016; Gar-
rido et al. , 2020; Aguilar-Carri l lo et al . , 2020; L in et al. , 2020; Dordevic 
et al . , 2021; Zhuang et al. , 2021; Migaszewski and Gahiszka, 2021). 
Furthermore, T l may be incorporated into the structure of minerals via 

redox reactions, sorption or substitution of cations. Thal l ium can be 
found in hutchinsonite (PbTlAssSg), lorandite (TlAsS 2 ) , urbanite 
(TlAs 2SbSs) and crookesite ((Cu,Tl,Ag) 2Se), avicennite ( T l 2 0 3 ) , jarosite 
(KFe 3

+(SC>4) 2(OH)6), pharmacosiderite (secondary mineral that occurs 
in the oxidized zones of Fe-bearing sulphide/hydrothermal deposits and 
the newly discovered thalliomelane (Tl(Mn 7 .5Cuo.5)Oi 6 ) (Nriagu, 1998; 
Herrmann et al. , 2018; Aguilar-Carri l lo et al . , 2020; Dordevic et al . , 
2021; Gotebiowska et al. , 2021). 

Thal l ium has two oxidation states, monovalent and trivalent, wi th 
monovalent T l predominating in most environments (Rader et al . , 
2018). In certain instances, such as highly oxidising conditions, the 
formation of trivalent T l can arise (Peter and Viraraghavan, 2005; Bel-
zile and Chen, 2017; Migaszewski and Gahiszka, 2021). Thal l ium can 
exhibit both lithophile and chalcophile natures, which controls its 
presence and abili ty to sorb efficiently to K-feldspar, ill i te, and 
Mn-oxides. Monovalent T l can be substituted for elements such as K and 
Rb in silicates (Rader et al . , 2018). 

There are several mechanisms that are responsible for Tl sorption 
onto micaceous clay minerals (e.g. illite) and Mn-oxides (Mn(III,IV)-
oxides, birnessite, todorokite). Illite has been noted on multiple 
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occasions as a great scavenger of T l in soils, brought about mainly by the 
similarity of T l + to K + , immobil iz ing T l v i a interlayer fixation and sur­
face complexation (e.g. cation exchange reactions) (Voegelin et al. , 
2 0 1 5 ; Zhuang et al. , 2 0 2 1 ) . Thal l ium has been extensively proven to 
have an analogy to K due to similar ionic radii of the elements ( 1 . 5 9 A for 
Tl and 1 .51 A for K) , which can lead to inter-layer T l - K replacements 
(Shannon, 1 9 7 6 ; Heinrichs et al. , 1 9 8 0 ; Vaněk et al. , 2 0 1 1 ; Voegelin 
et al . , 2 0 1 5 ; Antic-Mladenovic et al. , 2 0 1 7 ; Wick et al. , 2 0 1 8 ) . It was 
shown that cation selectivity coefficients proved that i l l i te was able to 
strongly adsorb T l + , due to the affinity T l has wi th Cs and Rb (Martin 
et al . , 2 0 1 8 ) . It was shown that micaceous clay minerals could control 
the short-term solubility of T l v i a cation exchange, however in the 
longer run the geogenic T l is held v ia structural fixation. As mentioned 
before, the competition of K + adsorption onto edges of the clay minerals 
affects Tl mobility. The adsorption of Tl onto the frayed edges of i l l i te 
displayed T l + was found to be highly dependent on the adsorption 
competition wi th K + and NH4, where both cations are able to decrease 
the adsorption of T l + onto il l i te, whi le the opposite was observed for N a + 

and C a 2 + (Wick et al. , 2 0 1 8 ) . Increase in dissolved K + concentrations i n 
soil water may lead to the release of T l into the solution (Wick et al. , 
2 0 2 0 ) . 

The adsorption of T l to Mn-oxides (e.g. non-/poorly-crystalline M n 
(III,IV)-oxides, birnessite) has also been proved, wi th results proving 
that T l has a greater affinity to Mn-oxides, wi th little affinity towards Fe 
oxides (Vaněk et al. , 2 0 0 9 ; Cruz-Hernandez et al. , 2 0 1 9 ; Wick et al. , 
2 0 2 0 ; Zhuang et al. , 2 0 2 1 ) . There are three mechanisms of T l uptake by 
Mn-oxides. The first one is the oxidation of Tl(I) and the complexation of 
Tl(III) by birnessite. The second is the sorption of hydrated Tl(I) by 
triclinic birnessite or todorokite, and lastly, the incorporation of dehy­
drated T l + into the structures, of for example, cryptomelane (potassium 
manganese oxide ( K ( M n 7 + M n 2 + ) O i 6 ) ) (Peacock and Moon, 2 0 1 2 ; Wick 
et al. , 2 0 1 9 ; Cruz-Hernández et al. , 2 0 1 9 ; Aguilar-Carri l lo et al . , 2 0 2 0 ; 
Zhuang et al. , 2 0 2 1 ) . Cruz-Hernández et al. ( 2 0 1 9 ) observed that the 
sorption/oxidation of T l to birnessite increased wi th increasing pH, it 
was also independent of the particle size or vacancy, indicating that the 
negative electrostatic charge has an important role in the reactions. In a 
study by Aguilar-Carri l lo et al. ( 2 0 2 0 ) , birnessite was shown to favour­
ably uptake Tl(I) v ia irreversible surface adsorption mechanism. The 
study also investigated the behaviour between jarosite and Tl(I). The 
results show that T l incorporation into the jarosite structure occurs via 
the substitution of K in the A site of the formula AB3 (T04J2(OH)6 (where 
A, B and T sites al low for the incorporation/substitution of anions or 
cations). In the structure of the jarosite, there is an expansion of the FeOg 
octahedra, caused by the incorporation of T l (due to the ionic radius of 
T l + ) . Once T l is incorporated in the jarosite structure it forms Tl 
(I)-jarosite which, under the presence of high T l concentrations, can in 
turn form the mineral dorallcharite (TlFe3(S04)2(0H)e). In the results 
observed by Garrido et al. ( 2 0 2 0 ) the X-ray adsorption near edge 
structure (XANES) results show that Tl(I) is bound to jarosite-type 
minerals, whi le Herrmann et al. ( 2 0 1 8 ) discovered up to 1 0 % of Tl(I) 
for K substitution in jarosite. However, from the two (birnessite and 
jarosite), birnessite has been stated to be more effective in Tl(I) immo­
bilization. Birnessite has also shown to sorb Tl(III), where it forms an 
inner-spere complex on the surface of birnessite, verifying the efficiency 
of Mn-oxides in adsorbing T l (Peacock and Moon, 2 0 1 2 ; Wick et al. , 
2 0 2 0 ; Aguilar-Carri l lo et al. , 2 0 2 0 ; Zhuang et al. , 2 0 2 1 ) . 

The sources of T l , l ike many other trace elements, can be lithogenic 
and anthropogenic, wi th the latter being the dominant source of Tl in the 
environment, wi th concentrations found to reach up to thousands of 
mg/kg (Xiao et al. , 2 0 0 4 ; Cabala and Teper, 2 0 0 7 ; Bačeva et al. , 2 0 1 4 ; 
Wei et al . , 2 0 2 0 ) . Sulphide ore mining and ferrous and non-ferrous 
smelting, coal combustion and cement production all potentially 
represent important anthropogenic sources of T l in the environment 
(Peter and Viraraghavan, 2 0 0 5 ; Karbowska et al. , 2 0 1 8 ) . In soils, Tl from 
geogenic origins can be found to be associated wi th aluminosilicates and 
crystallized mineral fractions (Gomez-Gonzalez et al. , 2 0 1 5 ; Vaněk 
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et al. , 2 0 1 5 ) whi le T l from anthropogenic origins is usually associated 
with more labile fractions (exchangeable Tl) (Al-Najar et al. , 2 0 0 5 ; Yang 
et al. , 2 0 0 5 ; Lin et al. , 2 0 2 0 ) . 

1.2. Stable thallium isotopes 

There are two stable T l isotopes, wi th atomic masses of 2 0 3 and 2 0 5 
(in abundance of — 3 0 % and 7 0 % , respectively) and varying T l isotope 
ratios in the environment, which can be shown in Table 1 and Fig. 1 
(Nielsen and Rehkamper, 2 0 1 2 ; Nielsen et al. , 2 0 1 7 ) . Thal l ium isotopes 
were first successfully measured by Rehkamper and Hall iday ( 1 9 9 9 ) 
using multiple collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS). They developed a new chemical and mass spectrometric 
procedure that allowed for the determination of T l isotopic elements in 
environmental samples, as the precision of T l isotopic measurements by 
thermal ionization mass spectrometry (TIMS) was l imited by T l having 
only two stable and naturally occurring isotopes. The new 
high-precision MC-ICP-MS is capable of recognizing small variations in 
stable isotope compositions of T l in various environmental samples. The 
T l isotopic ratio ( 2 0 5 T T / 2 0 3 T 1 ) in the studied sample is determined rela­
tive to the reference material NIST S R M 9 9 7 (National Institute of 
Standards and Technology) ( e 2 0 5 T l = 0 ) . Heavy T l isotopes refer to 2 0 5 T l , 
while 2 0 3 T l is a light isotope. Regarding T l isotopes, some isotopic 
fractions can be heavier than the other is, and depends on the proportion 
and abundance of 2 0 5 T 1 in one sample compared to that of another. 
External normalization/standard sample bracketing (NIST S R M 9 9 7 ) is 
employed to eliminate the mass bias drift. The 2 0 8 P b / 2 0 6 P b ratio is 
commonly used for internal correction of the raw 

2 0 5 T l / 2 0 3 T l r a t i o T h e 

isotope composition is then calculated using the following equation: 
205 T , , n 4 /205 T , , 203 T , 205-r,; 203,,,, s, ,205 T , , 203 T , s 

e T l = 10 X ( T l / TlSample - T l / T1NIST997)/ ( T l / Tl N i S T997) 
The annotation used to describe T l isotope ratios is e-notation (var­

iations in parts per 1 0 , 0 0 0 ) due to the Tl isotopic system being first 
developed as a cosmochemical radiogenic isotope system (Nielsen and 
Rehkamper, 2 0 1 2 ; Nielsen et al. , 2 0 1 7 ) . The e-notation also proves 
useful wi th regards to the variabili ty of stable T l isotope ratios, as data 
are presented usually as whole figures wi th only one decimal point. The 
e-notation also allows for the comparison between terrestrial and 
cosmochemical data. However, for the correct and precise measurement 
of T l isotope ratios, the sample matrix must undergo separation to 
isolate T l and remove any Pb in the sample (which interferes wi th re­
sults). The fundamentals of T l separation are as described by Rehkamper 
and Hall iday ( 1 9 9 9 ) , however, several modifications have been made 
throughout the years by Nielsen et al. ( 2 0 0 4 , 2 0 0 7 ) and Baker et al. 
( 2 0 0 9 ) . The separation processes for separating T l from the sample 
matrix is dependent on trivalent T l i n acidic conditions to produce 
anionic complexes wi th halogens ( C P or Br~) which are able to partition 
to anion exchange resins. Whereas for monovalent T l , this does not 
apply, as it does not form anionic complexes, thus, samples must be 
prepared in oxidising conditions by adding water saturated in Br2 to the 
digested samples, in order to make sure that a l l the present T l is in the 
trivalent state. The sample is then washed wi th different acids until Br2 
is no longer present. The last step of the separation involves the removal 
of T l from the resin using reducing agents ( 0 . 1 M H C l wi th dissolved SO2 
gas) (Nielsen et al. , 2 0 0 4 , 2 0 0 7 ; Baker et al. , 2 0 0 9 ; Nielsen and 

Rehkamper, 2 0 1 2 ) . 

Ever since the development of the MC-ICP-MS, multiple studies have 
been conducted to measure T l isotopic ratios i n varying environments. 
Creating an isotope-based source identification, al lowing to distinguish 
the source of an element into the studied environment wi th the use of 
mixing models, especially in scenarios wi th more than one source. 
However, such mixing models cannot be used to provide data on the 
precise contributions of multiple anthropogenic sources, as sometimes 
more sources or processes can blur the source signals, making it harder 
to identify the exact source input. Whi le many other isotopes were 
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Table 1 
Tl isotopic compositions in industrial materials, soils, rocks and plants. 

Table 1 (continued) 

Material e 205 T l Country Source 

Loess -2.3 to Nielsen et al. (2005) 

Continental crust 
—1.8 
- 2 

Calcareous and -1 to +7 Rehkämper et al. 
siliceous clays (2004) 

Ocean crust alteration - 2 to Rehkämper et al. 
-14 (2004); Nielsen et al. 

(2006c) 
Black-smoker fluids -2 .5 to Nielsen et al. (2006c) 

-1.1 
Altered ocean crust -1 to 

- 16 
Meteorites - 2 0 to Nielsen et al. (2006a) 

+30 
Cement kiln dust -0 .2 Lengerich, Germany Kersten et al. (2014) 
Meggen pyrite -0.4 
Soil profile -0 .9 to 

-4.2 
Green cabbage -2 .5 to Lanmuchang, China 

-5.4 
Arable soil +0.5 
Raw pyrite ore +1.3 Guangdong Liu et al. (2020a) 
Fluidized-bed furnace +16.2 Province, China 

slag 
Boiler fly ash +8.3 
Cyclone fly ash +2.2 
Electrostatic -1.1 

precipitation fly ash 
Amphibole (magmatic -2.1 to Ilimaussaq complex, Hettmann et al. 

stage 1) -2 .9 Greenland (2014) 
Amphibole (magmatic -2 .6 to 

stage 2) -2 .9 
Amphibole (magmatic -3 .7 to 

stage 3) +5.8 
Astrophyllite (late +1.0 to 

magmatic) +1.8 
Unweathered -2.3 India Howarth et al. 

greywacke (India) (2018) 
Lighter greywacke -1.3 

(India) 
Soft weathered -2.4 

greywacke (india) 
Weathered greywacke -2.1 

(india) 
Red weathered -1 .9 

greywacke (india) 
Base of laterite -1.1 
Nodular laterite base -0 .5 
Nodular laterite +0.3 
Semi-indurated -1.2 

laterite 
Massive laterite +3.5 
Indurated laterite cap -1 .0 
Basaltic saprolite +6.2 
Sandstone -4.2 Bingham Canyon Fitzpayne et al. 
Silicified limestone -2 .9 (2018) 
Latite porphyry -8.8 to 

-2 .9 
Silicified limestone +1.3 

breccia 
Quartzite -3 .4 to 

+0.9 
Lamprophyre -3 .6 
Monzonite -1.3 
Recrystallised -3.3 

calcareous 
sandstone 

Silicified limestone +0.2 
Quartzite breccia -2.3 to 

+7.2 
Veined limestone -6 .5 Narneys Canyon/ Fitzpayne et al. 
Quartzite breccia -16.4 to Melco (2018) 

+6.0 
Quartzite -3.1 

Material ,LT1 Country 

Dolomitic nodule 
Andesite 

Rhyolite 

Altered oceanic crust 
composites 

Amazonite 

Feldspar 

Chalcopyrite 

Chlorite 
Muscovite 

Biotite 

Phlogopite 

Galena 
Orthoclase 

Covellite 
Jarosite 
Microcline 
Sanidine 
Hyalophane 
Baumhauerite 
Hutchinsonite 
Parapierrotite 
Cryptomelane/ 

hollandite 
Hendricksite 
Soil 

Flotation tailing 

Flotation tailing 
(<0.05 mm) 

Flotation tailing 
(0.05-0.25 mm) 

Flotation tailing 
(>0.25 mm) 

Bottom ash 
Fly ash 

Coal pyrite 
Volatile Tl fractions 

Forest soils 

Meadow soils 

Zn ore 
Post-flotation Zn-Fe 

residue 
Fly ash 
Slag 
Granulated waste 
Final refinement 

waste 
Sinapis alba L. root 

Sinapis alba L. stem 

Sinapis alba L. leaf 

Sinapis alba L. shoot 

Meadow soils 

Forest soils 

0.0 
-5.1 to 
-1 .0 
-3 .5 to 
+0.1 
-3 .4 to 
-1.3 
0.0 to 
-4.4 
-0.1 to 
+3.5 
-5.1 to 
+9.4 
-1 .0 to 
+17.8 
-6.2 
+3.8 to 
+5.3 
-7.1 to 
+0.4 
-12.1 to 
+18.0 
+4.4 
-4 .4 to 
+4.4 
+4.4 
+2.9 
-1 .6 
+3.0 
-4.3 
+2.0 
-1 .0 
+1.6 
+11.4 

-1 .9 
-0 .4 to 
+3.8 
+6.1 to 
+6.3 
+3.6 

+14.6 

+4.8 

0.0 

-2 .5 to 
-2.8 
-5 .5 
-6 .2 to 
-10.3 
-3 .9 to 
+0.4 
-1 .9 to 
-2.7 
-3.8 
-3 .9 

-4.1 
-3.3 
-3 .6 
-4.8 

-2 .8 to 
-10.6 
-1.8 to 
-4.2 
-2 .5 to 
-4 .9 
-3 .0 to 
-3.8 
+1.6 to 
+8.7 
+0.8 to 
+8.7 

Collahuasu Baker et al. (2010) 
Formation, northern 
Chile 

Prytulak et al. (2013) 

Rader et al. (2018) 

Rosh Pinah, 
Namibia 

Grösslova et al., 
2018 

'Black triangle' 
Czechia 

Olkusz district, 
Poland 

Vaněk et al. (2016) 

Vaněk et al. (2018) 

Vaněk et al. (2019) 

Erzmatt, 
Switzerland 

Vaněk et al. (2020) 

(continued on next page) 
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Table 1 (conünued) 

Material e 205 T l Country Source 

Brassica juncea L. stem +2 to +5 Rader et al. (2019) 
Brassica juncea L. 0 to +1 

leaves 
Brassica juncea L. seed 0 to - 5 

pods 
Brassica juncea L. -0 .9 to 

flowers and flower - 5 
stems 

Soils +0.02 to Kluky, Czech Vejvodova et al. 
+4.0 Republic (2020) 

Mn-oxide nodules +14.4 
K-feldspar +1.4 
Soil clay +4.6 
Peat -1.1 to 

-3 .6 
Wolbrom, Poland Vaněk et al. (2021) 

Clayey sand -1 .5 
Chalk rock +0.5 
Metallurgical waste -3.1 to 

-3 .6 
Poland Vaněk et al. (2022) 

Post flotation waste -3 .9 
Zn-rich sulfides -4 .4 to 

-3.4 
Acidic wastes -4 .6 Guangdong Liu et al. (2022) 
Smelter clinkers 1.1 Province, China 
Sediments -3 .8 to 

1.0 
Raw material -0 .9 Guangdong Zhou et al. (2022) 
Return fines (sinter) -1 .0 Province, China 
Electrostatic -2 .0 

precipitator dust 
Lime neutralizing slag -2.4 
Acid sludge -4 .6 
clinker 1.1 

widely studied, the isotopes of T l were studied to a lesser degree. Wi th 
the more precise MC-ICP-MS, the ability to determine T l isotopes and 
their ratios in varying environments (ranging from marine environ­
ments, arc lava genesis, soil, plants and many industrial wastes) were 
proved successful (Nielsen et al. , 2004, 2005, 2006a, 2006b, 2006c, 
2007, 2009, 2017; Rehkámper and Nielsen et al. , 2004; Prytulak et al. , 
2013; Kersten et al. , 2014; Vaněk et al. , 2016, 2018, 2019, 2020; 
Vejvodova et al. , 2020). This allows for a better understanding of Tl 
behaviour and fractionation in different environments, providing useful 
insight as to the origins of T l and the processes that control its concen­
tration and availability (Kersten et al. , 2014; Wang et al . , 2021). 

Regarding T l isotopic fractionation in the environment, there are 
several types of fractionations that determine the fate of T l isotopes. 
Equil ibrium and kinetically driven processes control mass-dependent 
isotopic fractionations of T l isotopes (Wiederhold, 2015). Thall ium 
isotopic fractionation v i a the nuclear field shift effect (effect related to 
mass independent fractionation), was found to be <0.1% in T(I)-Tl(III) 
redox systems and ligand exchange systems of Tl(III) (Wiederhold, 
2015). Redox conditions and bonding environment play a significant 
role and controls T l isotopic fractionation. In oxidising environments, Tl 
(I) oxidises to Tl(III), which leads to the enrichment of heavy 2 0 5 T l in 
Mn-oxides (especially birnessite) and ferromanganese nodules and 
crusts, however Fe(III) oxides probably do not significantly sorb T l or 
even isotopically redistribute it (Peacock and Moon, 2012). Higher 

study provided a supply of information into a whole new field of studies 
along wi th several questions, which lead to further research conducted, 
in order to understand the processes that control T l isotopic fraction­
ation. This was followed by multiple other papers being published on the 
same or similar topic (with isotopic compositions of industrial wastes, 
soils and plants compiled in Table .1 and Fig. 1) (e.g. Grosslová et al. , 
2018; Rader et al. , 2018, 2019; Vaněk et al. , 2016, 2018, 2019, 2020, 
2021; Vejvodova et al. , 2020; L iu et al. , 2020a, 2022; Wang et al. , 2021; 
Zhou et al. , 2022). 

This paper compiles the information currently available about T l 
isotopic compositions throughout the industrial processes, and in soils 
and plants. The review provides an overview of the processes that 
control isotopic fractionation and the use of T l stable isotopes as a source 
or geochemical indicator (proxy). 

2. Thallium and Tl isotopes in industrial processes 

High temperature processes can potentially volatilize T l , therefore, 
processes associated wi th coal combustion, cement production and 
mining and smelting operations are important sources of environmental 
T l contamination. A n estimate of 2000-5000 tons of T l per year is 
mobilized, wi th approximately 1000 tons deriving from coal combustion 
(Galván-Arzate and Santamaria, 1998; Kazantzis, 2000; Peter and Vi r -
araghavan, 2005; Anton et al. , 2012; Xiao et al. , 2012; Kersten et al. , 
2014; Vaněk et al. , 2016). This is due to the high concentrations found in 
certain sulphides, such as pyrite and sphalerite. During pyrite roasting, 
the temperatures in the fluidized furnace ranges around 850 °C which 
does not lead to significant volatil ization of T l , as the boiling point of 
TI2O is 1080 °C. Therefore, T l is still present in the roasting calcines that 
are then used in the raw mix of cement production. In the cement pro­
duction, the T l is volatil ized and circulated through dust that enters the 
gas-suspension preheaters that heats the raw mix. During the circula­
tion, Tl compounds are evaporated to form volatile Tl(I) chloride (TlCl 
boil ing temperature is 806 °C) (Kersten et al. , 2014). 

In Zn ore processing, T l must be eliminated from the Zn circuit. The 
use of the jarosite process has become widely used to eliminate T l in Zn 
circuits, as jarosite is a scavenger for T l (Dutrizac, 1997). The process 
involves the formation of jarosite precipitate that removes and stabilizes 
T l in Zn operations by the substitution of alkali metals for T l + , therefore 
preventing the further contamination of T l in Zn processing (Dutrizac, 
1997; Aguilar-Carri l lo et al . , 2020). High Tl concentrations in electro­
static dusts and acidic waste compared to P b - Z n ore materials were 
observed, suggesting that the ore roasting (at temperatures of 
1000-1200 °C) could play a significant role in the transformation and 
mobilization of Tl . As volatil ization of T l occurs, because of alteration 
and decomposition of the minerals (e.g. pyrite, sphalerite, galena), it 
leads to the release of T l and its condensation on the surface of fine 
particles of the waste materials (Liu et al. , 2016). 

Large differences in T l concentrations were found i n industrial waste 
samples wi th slags containing 1 mg/kg and final refinement wastes 
containing 568 mg/kg of T l . Regarding the isotope signatures, fly ash 
was found to be isotopically lighter wi th e 2 0 5 T l —4.1 compared to the 
slag ( e 2 0 5 T l —3.3), however there were no significant differences be­
tween the two materials (Vaněk et al. , 2018). Interestingly, the results 
were similar to a previous study by Vaněk et al. (2016) where the fly ash 

5T1 values observed by Rader et al. (2018) in sulphides indicate that ( e T l between - 2 . 5 0 and -2 .8 ) was also found to be isotopically 

the presence of covalent bonds and high oxidation states could favour 
205.J.J 

Environmental processes believed to cause variations in the isotopic 
ratios between environmental samples are evaporation/condensation, 
redox processes, dissolution/precipitation, adsorption/desorption, and 
biological cycling (Wiederhold, 2015; Vaněk et al. , 2016; L iu et al. , 
2020a). Regarding soils and plants, Kersten et al. (2014) conducted the 
first study involving the use of T l isotopes to provide useful insights into 
the origins (anthropogenic/geogenic) of T l into soils and plants. The 

lighter compared to the bottom ash ( e 2 0 5 T l ~0) , however in the previous 
study there was a significant difference between the materials. This was 
brought about by the high evaporation of T l from the pyrite that was 
exposed to oxidising conditions, whereas, in this case the T l freely 
entered the smelter emissions. When fly ash and bottom ash from a 
coal-fired power plant were analysed by Vaněk et al. (2016), the pres­
ence of isotopically lighter T l ( e 2 0 5 T l 2.5 to -2 .8 ) was found in the 

fly ash and heavier T l ( e 2 0 5 T l ~ 0.0) in the bottom ash. The differences in 
the Tl isotopic compositions of the waste materials from the coal-fired 
power plant were significant and could have been the result of T l 

4 



K. Vejvodovä et at Journal of Environmental Management 315 (2022) 115151 

I 1 Brassica juncea L . flowers 
I I Brassica juncea L. seed pods 

I I Brassica juncea L. leaves 
• I Brassica juncea L . stem 

I Sinapis alba L . shoot 
I I Sinapis alba L . leaf 

I f Sinapis alba L . stem 
I 1 Sinapis alba L. root 

Green cabbage (Langmuchang, China) 
I Chalk rock (Wolbrom, Poland) 

I Clayey sand (Wolbrom, Poland) 
Peat, Wolbrom, Poland 

D Soil clay (Kluky, Czech Rep.) 
D K-feldspar (Kluky, Czech Rep) 

\ D Mn- nodules (Kluky, Czech Rep.) 
I Soils (Kluky, Czech Rep.) 

: I 1 Soils, Erzmatt, Switzerland 
D Metallurgical waste, Poland 
D Post flotation waste, Poland 

I I Znnrich sulphides, Poland 
I ' I Soil (Olkusz, Poland) 

D Final refinement waste (Olkusz, Poland) 
1 Granulated waste (Olkusz, Poland) 
D Slag (Olkusz district, Poland) 

1 Fly ash (Olkusz, Poland) 
I Post-flotation Zn-Fe residue (Olkusz, Poland) 
D Zn ore (Olkusz district, Poland) 

D Coal pyrite ('Black triangle' Czech Rep.) 
1 Volatile Tl fractions ('Black triangle' Czech Rep.) 

D Fly ash ('Black triangle' Czech Rep.) 

D Bottom ash ('Black triangle' Czech Rep.) 
:D Electrostatic precipitation fly ash (Yungu City, China) 

D Cyclone scrubber fly ash (Yungu City, China) 
D Boiler fly ash (Yungu City, China) 

Fluidized-bed furnace slag (Yungu City, China) Q 

D Pyrite ore (Yungu City, China) 
I Soil (Lengerich, Germany) 

: D Cement kiln dust (Lengerich, Germany) 
I Meggen pyrite (Lengerich, Germany) 

I ~ l Soil (Rosh Pinah, Namibia) 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ Flotation tailing (Rosh Pinah, Namibia) 

I I Volcanic 
I Igneous 

I I Sedimentary 
I Metamorphic 

: I Sulphide 
I Sulphosalt 

1 Inosilicate 
I I Phyllosilicates 

I I Silicates 
I 1 Tectosilicates 

I I Calcareous & siliceous clays 
I Loess 

r n Black-smoker fluids 
I I Altered ocean crust 

-2o • < = ! Meteorites < = > +30 

-18 -14 -10 -6 -2 +2 +6 +10 +14 +18 

£ T l 

Fig. 1. Thallium isotope variations in different reservoirs. The dashed line e 1 

Kersten et al. (2014); references therein can be found in Table 1. 
Tl = —2 depicts the Tl isotopic composition of the Earth's mantle. Adapted from 
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evaporation from the Tl-rich pyrite under high temperatures which 
could volatilize the T l present in the samples. Also, as mentioned before, 
sulphides may accumulate T l , therefore any pyrite in the feed coal and 
the high processing temperatures could have an influence over the 
lighter fractions of T l emissions. The results also show that the process 
seems to mostly be driven by kinetic isotope fractionation (Vaněk et al. , 
2016). In the study by Vaněk et al. (2016), they also conducted a model 
thermo-desorption experiment wi th sulphide that showed great vola­
tilization of T l that had a mean of e 2 0 5 T l —6.4, which is similar to the 
model pyrite evaporates. A t 700 °C there was 1% of volatile Tl fraction 
( e 2 0 5 T l -6 .2 ) , at 900 °C there was 4% of volatile Tl fraction ( e 2 0 5 T l 
-10 .3 ) , and at 300-900 °C there was 78% of T l condensate ( e 2 0 5 T l 
-6 .2 ) . 

Substantial variations and Tl isotopic fractionation between pyrite 
ore ( e 2 0 5 T l ~ +1.3) and waste materials ( e 2 0 5 T l 1.1 to +16.2) were 
noted during pyrite smelting in sulphuric acid production (Liu et al. , 
2020a). The processing led to smaller grain sizes of waste materials, wi th 
elevated concentrations of Tl and enrichments of isotopically lighter 
(compared to the furnace slag) Tl ( e 2 0 5 T l —1.1 to +8.3) that was con­
tradictory to the heavy isotopes found in the furnace slag ( e 2 0 5 T l ~ 
+16.2). The study predicts that T l isotope fractionation is controlled by 
Rayleigh-type fractionation and adsorption of volatil ized T l by particles 
of various grain sizes. The Rayleigh-type fractionation allows to 
demonstrate the evolution of stable isotopes from a homogenous pool. It 
has been suggested that the high temperature causes lighter 2 0 3 T 1 
isotope to enter the vapour phase, leaving the heavier 2 0 5 T l isotope to 
become enriched in the slags, through processes of evaporation and 
condensation lead to isotopic fractionation, wi th kinetic isotope frac­
tionation as a possible controlling factor (Liu et al. , 2020a). In the 
fluidized-bed furnace of a sulphuric acid production plant, where tem­
peratures reach 800-1000 °C, high amounts of T l bound in pyrite begin 
to volatilize, whi le the remaining T l can become concentrated in 
Fe-oxides (Yang et al. , 2009; L iu et al . , 2020a). The T l vapour generated 
is recovered creating T l wi th an isotopic composition relatively similar 
to the pyrite ore. After enduring such high temperatures, the tempera­
tures drop to 400^t50 °C in the boiler, then to 300-350 °C in the cyclone 
scrubber and finally to 150-200 °C in the electrostatic precipitation unit. 
The result of the changes in temperatures allows for the condensation of 
Tl from the vapour phases onto the fly ash particles where processes of 
adsorption and accumulation occur. The isotopic fractionation caused 
by different temperatures in different parts of the furnace, leads to iso­
topic variabili ty of different fly ash samples, from the evaporation and 
condensation. The reducing particle sizes led to an increase in sorption 
capacity for volatile T l , thereby enriching fly ash in light T l isotopes, 
while heavy T l isotopes remain enriched in the slag (Chen et al. , 2013; 
Liu et al . , 2020a). 

In a study by Vaněk et al. (2022), the T l isotopic ratios from a set of 
Tl-rich sulphide concentrates and wastes from hydrometallurgical Zn 
extraction were analysed. Thal l ium was found exclusively as Tl(I) and 
the T l isotopic variabili ty ranged between e 2 0 5 T l —3.1 and —4.4. There 
was little to no evidence of ini t ial sulphide pre-concentrations ( e 2 0 5 T l 
—4.4 and —4.2) affecting the isotopic compositions of the flotation 
product ( e 2 0 5 T l —3.9). The results of the T l isotopic variabili ty in the 
processing wastes ( e 2 0 5 T l —3.6 and —3.1), compared to the smelter feed 
( e 2 0 5 T l —3.9), show insignificant isotopic fractionation, which was 
consistent wi th previous results found by Vaněk et al. (2018). This points 
to little or no influence of gangue mineralization on the T l isotopic 
compositions and that the processing of the sulphide ores leads to 
insignificant T l isotopic fractionation. 

When comparing ores from various studies, each ore tends to have its 
own T l isotopic signature, based upon the sulphide melt, deposit type, 
temperature, pressure, and the original matrix. For example, L iu et al. 
(2020a) determined T l composition of e 2 0 5 T l 1-1.3, whi le Kersten 
et al. (2014) observed e 2 0 5 T l 0.4 for Meggen pyrite, Wickham (2014) 
found e 2 0 5 T l 1.3 for ore-stage pyrite and Vaněk et al. (2016) found 
e 2 0 5 T l 5.5 for Tl-rich coal pyrite. Grósslová et al. (2018) studied 

flotation tailings that had an average 2 0 5 T 1 value of e 2 0 5 T l ~ +6.2 which 
represents a possible reference of local mineralization, as the flotation 
tailings did not undergo any smelting or chemical processes. Hettmann 
et al. (2014) found values of e 2 0 5 T l - 2 . 7 for sphalerite and e 2 0 5 T l - 1 . 4 
for galena. It was found that the principle behind the T l isotopic varia­
tions in the sulphides was mass-independent fractionation involving a 
nuclear volume-dependent effect (Hettmann et al. , 2014). In the study 
by Rader et al. (2018) the studied sulphides displayed e 2 0 5 T l ranging 
between +1.6 and + 17.8, wi th 3 out of 6 samples showing a normal 
distribution of e 2 0 5 T l values ( e 2 0 5 T l = +4.0 to +6.0). In a paper written 
by Zhou et al. (2022), studying P b - Z n smelting, they observed signifi­
cant variations in T l isotopic composition of the raw material and 
different waste materials (shown in Table 1), these large variations 
attribute to the possibility of T l isotopic fractionation during the entire 
smelting processes. The combination of the results and the application of 
the Rayleigh fractionation model proved the enrichment of heavy T l 
isotopes in the waste slags and that volatile fractions formed during 
high-temperature processes were enriched in light T l isotopes (Zhou 
et al. , 2022). 

The data from al l the different industrial processes differ from one 
another, due to different raw materials and their properties and different 
temperatures and processes used, leading to unique T l isotopic compo­
sitions for individual raw and waste materials. 

3. Thallium isotopes in soils/sediments 

Kersten et al. (2014) laid the groundwork for the first study revolving 
around applications of stable T l isotope ratios to determine anthropo­
genic and geogenic T l inputs into soils. The results displayed two 
separate T l pools: one wi th high T l concentrations and heavy isotope 
composition ( e 2 0 5 T l > -1.0) and one wi th low T l concentrations and light 
T l isotope compositions ( e 2 0 5 T l < -3.0). This suggests that heavier iso­
topic compositions are derived from anthropogenic origins, whi le light 
isotopic signatures represent the geogenic origins. 

In naturally Tl-rich meadow and forest soils (Cambisols) studied by 
Vaněk et al. (2020) the isotope composition was the lightest in the C 
horizon ( e 2 0 5 T l — h 0.8 to + 2.6), becoming significantly heavier in the 
B horizon ( e 2 0 5 T l — h 8.7) and decreasing in the horizons above ( e 2 0 5 T l 
— h 2.5). The mineralogy of the soil was determined as quartz, K-feld-
spar, muscovite or i l l i te, chlorite and illite/smectite and the bed asso­
ciated wi th micaceous minerals had a e 2 0 5 T l value of +1.6. Therefore, 
the enrichment of the heavy 2 0 5 T l was ascribed to continuous mobil i ­
zation and immobil izat ion of T l that was controlled by the redox cycles 
involving the parent material and soil forming processes. Heavy T l 
isotope fractions from weathering of Tl(III)-containing phases and Tl(I) 
remobilization lead to the enrichment of 2 0 5 T l into other phases, such as 
into il l i te. The systematic oxidative T l uptake by Mn-oxides probably 
lead to a positive T l isotopic shift. Vejvodova et al. (2020) observed a 
similar enrichment of heavier T l isotopes between the A and B soil ho­
rizons of Cambisols, mainly composed of quartz, K-feldspar and 

plagioclase, ranging from e 2 0 5 T l 1-3.5 to +4. The soil samples also 
showed increased total T l concentrations in the B horizon (1.6-3 mg/kg) 
compared to the A and C horizons, 13 to 1 mg/kg and 2 mg/kg, 
respectively. The horizons above and below were composed of lighter T l 
isotope signatures ( e 2 0 5 T l —0 to +2) that were similar to the underlying 
bedrock ( e 2 0 5 T l + 1.6). The enrichment on heavy T l isotopes can be 
explained by the presence of heavier T l in the clay and Mn-oxide nodules 
(3 mg/kg T l ; e 2 0 5 T l ~ +4.6 and 5 mg/kg T l ; +8.2, respectively), that 
underwent redox-reactions, resulting in heavier T l isotopes in the mid­
dle profile. 

The geochemical process that plays a role and controls Tl isotopic 
fractionation in soils is associated wi th Mn-oxides, where a positive 
relationship between Mn-oxide concentration and the degree of T l iso­
topic fractionation is clearly observed (Vejvodova et al . , 2020). Wi th 
many studies proving Mn-oxides to play a role in the fractionation of T l 
isotopes (Nielsen et al. , 2013; Kersten et al. , 2014; Vaněk et al. , 2016, 
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2018; Howarth et al. , 2018). A shift in Tl(I)-Tl(III) or vice versa is 
suggested as a major key control in Tl isotopic fractionation in soils 
(Wiederhold, 2015; Rader et al. , 2018; Vejvodova et al. , 2020). 

Grósslová et al. (2018) observed different soil (Arenosols) profiles 
from an area contaminated wi th dust from flotation tailings (Zn-Pb ore 
deposits) and noticed that total T l concentrations and 2 0 5 T 1 decreased 
with depth (0.5-7.6 m g / K g T l ; e 2 0 5 T l 0.4 to 3.8) . The upper soil 
layers displaying a resemblance to the flotation wastes ( 1 3 - 2 7 mg/kg T l ; 
e 2 0 5 T l 1-6.1 to +6.3) , therefore confirming the anthropogenic influ­
ence on the soil contamination. However, wi th in soil horizons, the iso­
topic fractionation that is brought about through certain chemical 
processes cannot be fully derived from the anthropogenic source alone, 
therefore, there is some influence of geogenic T l . 

Two profiles (profile A and B, sampled at different distances (A closer 
and B further) from a P b - Z n smelter in Guangdong Province, China) 
studied by Liu et al. (2022), displayed T l isotopic compositions similar to 
that of the waste materials, and when recalculated, approximately 80% 
of the T l was attributed by the smelter. The isotopic compositions of acid 
wastes (result of removal of SO2 smoke) ( e 2 0 5 T l = —4.6), background 
sediments ( e 2 0 5 T l = + 1 . 3 ) and smelter slag ( e 2 0 5 T l = + 1 . 1 ) (Liu et al. , 
2020a; Zhou et al. , 2022) indicate that the wastes play a major role in Tl 
input to the sediments (profile A e 2 0 5 T l - 2 . 4 to + 1 . 2 ; profile B e 2 0 5 T l 
- 3 . 8 to +2.4) . 

Soils studied by Vaněk et al. (2018) displayed variations in the Tl 
isotope signature between the upper and lower horizons, wi th 2 0 5 T 1 
increasing wi th depth. The surface organic layers displayed light Tl 
isotopes that matched wi th anthropogenic origins (waste material 
e 2 0 5 T l 3.8) . However, the soil profile depicts two T l pools: anthro­
pogenic and geogenic, wi th a higher predominance of the anthropogenic 
pool. The increase in the 2 0 5 T 1 down the soil profile (up to e 2 0 5 T l ~ 
+0.4) , does not reflect geogenic T l inputs, as underlying soils have much 
lower T l concentrations. In peat samples studied by Vaněk et al. (2021), 
the abili ty of peat to be used as an archive of atmospheric deposition was 
questioned. The peat samples had an isotopic variabili ty of e 2 0 5 T l ~ 
—3.6 to — 1 . 1 . The results showed that T l was not present in industrial 
emissions over 250 years ago and that T l is predominantly from local 

anthropogenic ( e 2 0 5 T l 3 to —4) and geogenic/background ( e 2 0 5 T l ~ 
0 to — 1 ) origins. 

Therefore, processes related to sorption and precipitation l ikely 
controlled the heavier T l isotopic composition. This highlights that there 
are isotopic processes that can lead to changes in primary isotopic data, 
which can complicate the source apportion. 

4. Thallium isotopes in plants 

Multiple studies have shown that the Brassica family is a hyper 
accumulator of T l as the translocation of T l into the brassica species were 
proven successful, wi th Iberis intermedia L, Sinapis alba L, Brassica napus 
L, Biscutella laevigata L, Brassica oleracea L var. capitata L. as proven 
brassica T l hyper accumulating species (Tremel et al. , 1997; Xiao et al. , 
2004; Al-Najar et al . , 2003, 2005; Scheckel et al . , 2004, 2007; Krasno-
debska-Ostrega et al . , 2012; J ia et al. , 2013; Grósslová et al . , 2015; Ning 
et al. , 2015; Liu et al. , 2017, 2020b; Vaněk et al. , 2010, 2011, 2013, 
2015, 2019, 2020; Holubik et al. , 2020, 2021). Other studies have also 
confirmed the accumulating and translocation abilities of the mustard 
plant (Krasnodebska-Ostrega et al. , 2008, 2012; Holubik et al. , 2020). 
Some studies have shown Brake fern {Pteris vittata L.) and green cabbage 
{Brassica oleracea L var. capitata L.) to be hyper accumulators of Tl (Xiao 
et al. , 2004; J ia et al . , 2013; Wei et al. , 2020). Iberis intermedia L. had 
highest concentrations of T l in its leaves and was present as Tl(I). What 
was also noted was a l ink between vein sizes in leaves and T l concen­
trations, wi th Ca being correlated wi th the distribution of T l (Scheckel 
et al . , 2004, 2007). 

In green cabbage, approximately 80% of Tl concentrations were 
found in the leaves (Jia et al . , 2013) wi th T l concentrations in green 
cabbage accumulating in the cytosol and vacuole (Ning et al. , 2015). 

Concentrations of T l in vegetables grown on contaminated soils in China 
show that the T l concentrations in green cabbage surpass that of other 
studied crops (e.g. Carrot, ch i l l i , rice). The high T l concentrations wi th in 
the studied crops is believed to be due to the affinity/similarity T l has 
with K and also displays a correlation between T l , Ca and M g (high Ca 
and M g concentrations in plants were shown to increase uptake of Tl) 
(Xiao et al. , 2004). Concentrations of T l in green cabbage reached up to 
500 mg/kg (dry weight), wi th higher accumulation in later growth 
stages, exceeding T l concentrations of the soil (maximum T l concen­
tration in soil was 124 mg/kg) (Xiao et al. , 2004). Higher concentrations 
of T l in plants could be explained from the continuous release of mobile 
T l , during erosion and weathering of primary sulphide mineralization, 
mining activity, coal use and farming activities. Indian mustard {Brassica 
juncea L.) studied by Rader et al. (2019), also observed considerably 
higher concentrations of T l in the plants (3.8 mg/kg) than in the soils 
(0.1 mg/kg). Thal l ium was found in higher concentrations in plants 
compared to that of Hg and As, whi le the opposite effect was observed in 
soils, therefore indicating a preferential uptake of T l . The study by Rader 
et al. (2019) along wi th the study by Grósslová et al. (2015) show that 
the bioaccessibility of T l was heavily dependent on the mineralogy of the 
soils, especially on the K-feldspars and Mn-oxides, that when present in 
soils, can render T l immobile. 

Regarding T l isotopes in plants, the number of studies are l imited and 
the isotopic compositions in different parts of the plant is shown in Fig. 1 
with e 2 0 5 T l isotopic compositions ranging from —10.6 to +5. Studies 
have shown that plants prefer the uptake and accumulate lighter T l due 
to the greater presence and plant availability of Tl(I) (Kersten et al. , 
2014). The pioneering study on T l isotopes in plants showed an 
enrichment of light T l isotopes in the soil-root interface, but that there 
was further fractionation along the translocation pathway from the roots 
( e 2 0 5 T l -2 .5 ) to the young leaves ( e 2 0 5 T l -5 .4 ) (Kersten et al. , 2014). 
The elevated concentration of T l in the plants is explained by the high T l 
levels in the rhizosphere, wi th the mobil i ty controlled by many factors 
including water, pH, organic matter, mineralogy, speciation and cation 
exchange capacity. Thal l ium concentrations in the leaves of the green 
cabbage showed very high bioaccumulation, reaching 1000 mg/kg, 
compared to 30 mg/kg in the soil; wi th the distribution of T l concen­
trations following the order old leaves > young leaves > stems > roots 
(Kersten et al. , 2014). The distribution is slightly similar to that observed 
by Grósslová et al. (2015), where T l was found distributed in the 
mustard plant {Sinapis alba L ) in the order stem > leaf > root. The study 
by Grósslová et al. (2015) also proved a strong correlation between T l 
uptake by plant and the mineralogy of the soil , wi th results showing the 
influence of p H on secondary T l phases. Soil mineralogy affected the 
bioavailability of Tl in the soils, wi th Mn(III, IV) oxides decreasing plant 
uptake of T l and poorly-crystalline Fe(III) oxides or Ca-carbonates could 
promote T l mobilization. Quantity and quality of soil organic matter 
(SOM) could be crit ical in controlling T l bioaccumulation and soils that 
have lower p H were found to reduce the stability of secondary Tl phases 
in the rhizosphere, and therefore can be broken down by root exudates 
(Grósslová et al. , 2015). 

With regards to T l isotopes in plants, the white mustard {Sinapis alba 
L.) favoured the uptake of light T l isotopes (Vaněk et al. , 2019), just like 
the study conducted by Kersten et al. (2014). However, a Tl isotope shift 
was observed during translocation in plants, wi th increases of heavy 
2 0 5 T l in the shoots ( e 2 0 5 T l < -2.5) when compared to the roots ( e 2 0 5 T l < 
-5.9). Mustard displayed substantial fractionation of T l isotopes during 
the translocation between different tissues ( e 2 0 5 T l variation reaching —8 
units). The e 2 0 5 T l values in the shoots is dependent on the isotope 
fractionation that occurs during translocation, but also on the T l isotope 
composition of the whole plant. Wi th that being said, the heavier T l 
isotopes found in above ground biomasses of plants, leads to the roots 
usually containing light T l isotopic compositions (Vaněk et al. , 2019). 

The role of K + plays a dominant role in the Tl cycle, but there are 
other possible reasons for heavier T l isotope enrichment during trans­
location. Other possibilities include Tl(I) complexation by specific 
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organic ligands that prefer the heavy 2 0 5 T l isotope, and the association 
with S-coordinated Tl(I) (Vaněk et al. , 2019). The results showed that 
when comparing the spectra of TlAsS2 wi th the plant parts, they did not 
closely match, meaning that S-coordinated Tl was not involved in the 
uptake of T l and its fractionation. The X A N E S spectroscopy did show 
that the plant T l spectra matched the spectra for Tl(I)-acetate and 
aqueous T l + , indicating the presence of O-coordinated Tl(I) as free T l + or 
associated wi th O-containing functional groups. 

In Indian mustard plants {Brassica juncea L.) studied by Rader et al. 
(201 9) 2 0 5 T 1 values were higher in the younger stages of plant devel­
opment such as the earlier development of the stem ( e 2 0 5 T l ~ +2.5) 
compared to later developed plant parts such as flower and flower stems 
( e 2 0 5 T l ~ -0 .2 ) and seed pods ( e 2 0 5 T l 1.8). This signifies the level of 
translocation that occurs wi thin the plant during plant growth, wi th 
biological processes that occur during the plant development controlling 
the isotopic patterns (Rader et al. , 2019). 

The differences in translocation found in the mustard plants by 
Vaněk et al. (2019), Kersten et al. (2014) and Rader et al. (2019), could 
be due to different T l concentrations in the growing medium (one in 
hydroponie systems, the other in contaminated soils and the other in Tl 
amended soils, respectively). The hydroponie systems had T l concen­
trations of 0.1, 0.05 and 0.01 mg/L , the contaminated soils had 30 
mg/kg of T l and the T l amended soils had concentrations of 0.1 mg/kg, 
0.02 mg/kg and 20 mg/kg. Therefore, the origins and concentrations of 
Tl and its isotopic compositions in the growing medium seems to play a 
role in the uptake and translocation of Tl isotopes into plants. 

The T l isotopic composition helps in understanding the apportion­
ment of T l during uptake and translocation, and the behaviour of T l i n 
different plant species. It provides insight into the preference of light Tl 
isotopes in plants, and using the isotopic composition, helps to under­
stand the fractionation that occurs along the translocation pathways. 
Different plants fractionate T l differently, as described above, which 
could be correlated to the concentration of T l in the soils, the source of 
the I T l and the mineralogy of the soil, which can affect mobil i ty and 
bioaccessibility of T l . As mentioned by Rader et al. (2019) the use of 
isotopes helps in understanding the behaviour of T l during both 
anthropogenic and geogenic processes and its uptake and redistribution 
in plants. Knowing which plants have the abili ty to uptake T l and 
redistribute it in its above ground biomass helps in understanding which 
plants could be used in phytomining and bioprospecting processes. 

5. Conclusion and perspectives 

While there are numerous papers focused on T l and slightly less on Tl 
isotopes, there is sti l l a crucial need to understand T l and its isotopic 
compositions in different anthropogenically affected environments and 
plants. Thus far, micaceous clays, especially illi te, and Mn-oxides have 
been unequivocally confirmed as scavengers of T l and control its 
mobili ty wi th in soils. The Tl isotopic composition wi th in soils were 
successfully traced back to the origins when comparing the isotopic 
values wi th parent materials and industrial (byproducts, wi th plants 
grown in both contaminated and uncontaminated soils displaying 
different translocation behaviour, which also provide useful information 
as to the origins of T l . 

Most of the research agrees wi th one another in the processes 
involved in the fractionation of T l in soils. One of the biggest controlling 
soil processes of Tl is the presence of Mn-oxides. It was shown in mul­
tiple studies, that Tl(I)-Tl(III) shifts are key controls in T l isotopic 
fractionation. Addit ional insights into the exact T l isotopic composition 
for exact phases of both geogenic and anthropogenic materials (Mn-
nodules, micaceous clays, spectrum of Tl-rich waste materials) could be 
useful in better understanding of what roles they have wi thin respective 
environments. Also, how and to which degree they can affect the iso­
topic fractionation of T l . Chemical analysis used to identify T l concen­
trations in specific phases would also prove useful in broadening the 
knowledge surrounding T l isotopic fractionation. In other words, the 
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verification of single extractions used for identification of specific T l 
chemical fractions, which do not suffer from artificial method-related 
isotopic redistribution is a big deal in the future research. Through 
their application, the use of T l isotopes in determining the source of the 
pollution can be an advantageous tool in implementing appropriate 
remediation measures. The use of isotopic fractionation data could be 
used to assess the progress of different environmental processes 
regarding immobil izat ion or plant uptake of Tl . For example, T l behaves 
differently depending on its source, so soils contaminated wi th anthro­
pogenic T l would behave differently from geogenic Tl , due to different T l 
speciation and wi th T l from anthropogenic sources l ikely to be more 
associated wi th labile fractions in soils and pose a higher risk for plants. 
That being said, the understanding on T l isotopic fractionation and 
translocation wi thin plants requires a better understanding, therefore, 
further research is required to get a better comprehension of a l l the 
processes involved in this field of studies. 
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