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Abstract This overview presents the updated

physicochemical characteristics of thallium and its

stable isotopes (205Tl/203Tl) in the context of their

occurrence and fate in abiotic and biotic systems. This

also deals with the thallium behavior in geochemical

interactions in and between different environmental

compartments and describes its natural (geogenic) and

industrial sources. The particular emphasis is placed

on some extreme environments, including acid mine

drainage areas where oxidation processes of Tl-

bearing pyrite and other sulfides lead to very high

concentrations of this metal in reactive acidic waters.

Many geochemical studies have also employed

stable thallium isotopes to reconstruct redox condi-

tions in different environmental systems, to fingerprint

relative pollution source strengths and to evaluate

mobility of this element and its geochemical interac-

tions in the mineral-water and soil–plant systems. This

is the reason why this overview also highlights the

growing potential of stable Tl isotopes in solving

different geologic and environmental issues.

Graphic abstract
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1 Introduction

Until the beginning of the 20th century, thallium had

widely been used in medicine for treating ringworms

on scalps, tuberculosis, malaria, venereal diseases, and

even longer until the sixties of the 20th century, Tl

salts had been employed as rodenticides and insecti-

cides (Nriagu 1998; Kazantzis 2000). Nowadays,

thallium has found applications in many areas of

industry, such as manufacturing of: antifriction alloys
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(with Sn, Sb, and Pb), low-freezing alloys (with Hg),

low-melting special glasses with an admixture of S, Se

and As, photocells, high-temperature superconductor

materials, semiconductor material for selenium recti-

fiers, low-temperature thermometers (Nriagu 1998;

Kazantzis 2000; Karbowska 2016; Belzile and Chen

2017). Thallium compounds are also utilized in

cardiovascular imaging to detect heart diseases, and

in various cancer detections (USGS 2019). Further-

more, thallium is also used as a probe to emulate the

biological functions of alkali earth metal ions (Nriagu

1998; Peter and Viraraghavan 2005).

The geochemical fate of thallium in many environ-

mental compartments has been hindered due to low

concentrations which are typically in the range of ng/

L–lg/L or ng/kg–lg/kg. An increased number of

thallium determinations in geologic, environmental,

biological and industrial materials has been possible

due to rapid developments in mass spectrometry

techniques employing inductively coupled-atomic/

optical emission spectrometry (ICP-AES/ICP-OES),

single collector sector-field or quadrupole inductively

coupled-mass spectrometry (SFICP-MS, QICP-MS)

(e.g., Xiao et al. 2004a b; Krachler et al. 2008; Li et al.

2009; Kellerhals et al. 2010; Casiot et al. 2011; Bačeva

et al. 2014; Vaněk et al. 2015; Karbowska 2016;

Caritat and Reimann 2017; Di Candia et al. 2020), and

multi collector-inductively coupled plasma-mass

spectrometry (MC-ICP-MS), which has also been

used to measure 205Tl/203Tl ratios (e.g., Nielsen et al.

2004; 2017; Vaněk et al. 2020). Another very sensi-

tive analytical technique of thallium determination is

flow-injection differential-pulse anodic stripping

voltammetry (FI-DP-ASV), enabling a determination

of Tl in waters at a concentration of pg/L (Jakubowska

et al. 2008).

Thallium (Tl) is of great concern due to its

geoavailability, mobility, dispersivity, bioaccessibil-

ity, bioavailability, and toxicity to plant and animal

species. Many thallium studies have been centered on

natural and man-induced pollution sources in the

context of their implications for the environment and

humans (Zhang et al. 1998; DelValls et al. 1999;

Cheam 2001; Xiao et al. 2012, 2004a, b; Murciego

et al. 2010; Casiot et al. 2011; Bačeva et al. 2014; Tatsi

and Turner 2014; Gomez-Gonzalez et al. 2015; Vaněk

et al. 2015, 2016; Campanella et al. 2016, 2017;

Wojtkowiak et al. 2016; Biagioni et al. 2017;

Grösslova et al. 2018; Perotti et al. 2018; Cruz-

Hernández et al. 2018; D’Orazio et al. 2020). It should

be mentioned that different physicochemical, envi-

ronmental, toxicological and technological issues of

this toxic metal have been reviewed in several papers

(e.g., Kazantzis 2000; Heim et al. 2002; Twidwell and

Williams-Beam 2002; Peter and Viraraghavan 2005;

Karbowska 2016; Caritat and Reimann 2017; Belzile

and Chen 2017; Xu et al. 2019; Liu et al. 2019a; Zhang

and Rickaby 2020).

The principal objective of this review is to

summarize and update the literature data about the

physicochemical characteristics, occurrence, and

behavior of thallium in geochemical interactions.

The authors also briefly describe the significance of

natural (geogenic) sources of this metal with a special

emphasis on acid mine drainage (AMD) areas where

the highest concentrations of thallium have been found

in surface- and groundwaters (e.g., Zitko 1975; Xiao

et al. 2003; Alpers et al. 2003; Casiot et al. 2011;

Petrini et al. 2016; Campanella et al. 2016; Perotti

et al. 2018; Liu et al. 2019a). These areas are occupied

by tailings piles, mineral settling tanks, strongly acidic

seeps and derelict lands posing a real hazard to various

abiotic and biotic systems, including human beings.

Recently, a variety of geochemical studies have also

employed stable thallium isotopes to reconstruct redox

conditions in different aquatic systems, to fingerprint

relative pollution source strengths and to evaluate

mobility of this element and its geochemical interac-

tions in the mineral-water and soil–plant systems (e.g.,

Rehkämper and Nielsen 2004; Enghag 2004; Nielsen

et al. 2004, 2006, 2009, 2011, 2017; Baker et al. 2009;

Vaněk et al. 2015, 2016, 2020; Grösslova et al. 2018).

This is the reason why this paper also gives an

overview on applications of 205Tl/203Tl ratios in

solving various geologic and environmental issues.

2 Physical and chemical characteristics of thallium

Thallium belongs to the group 13 of the Periodic

Table of the Elements (Fig. 1). This is a gray, very soft

and malleable element with an atomic number of 81. A

relative atomic mass of 204.383 amu with high density

(11.71 g/cm3 at 20 �C) classifies Tl as a ‘‘heavy’’

metal (Reimann and Caritat 1998, Kabata-Pendias and

Szteke 2015). Its name comes from the Greek word

‘‘thallos’’ (hakko1) that stands for a young twig or a

budding shoot after the green line in its flame spectrum
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(Kazantzis 2000). This element was discovered by the

English chemist Sir William Crookes in 1861 whereas

metallic thallium was obtained by the French scientist

Claude-Auguste Lamy in 1862.

According to Goldschmidt’s geochemical classifi-

cation (1954), thallium is a chalcophilic element, like

neighboring Hg and Pb, concentrating mostly in

sulfides. However, there is extensive geologic work

that has been done showing that even though Tl was

originally characterized as chalcophile, in practice this

is not necessarily true. Thallium predominantly

behaves as a lithophilic element in a wide variety of

geologic environments (substituting for K?, Rb? and

Cs? in the crystal structures of different rock-forming

minerals) and very rarely displays chalcophile behav-

ior, only under unique conditions when lithophile

behavior is not possible (Hettmann et al. 2014;

Greaney et al. 2017; Rader et al. 2018).

Tl atomic radius is 208 pm whereas ionic radii are

in the range of: 164–184 pm (Tl?) and 89–112 pm

(Tl3?) (Reimann and Caritat 1998). Thallium occurs

in two oxidation states as: monovalent (thallous, Tl?)

as in Tl2O and Tl2SO4, or as Tl2S in strongly reducing

conditions, sporadically trivalent under oxidizing and

alkaline conditions (thallic, Tl3?) as in Tl2O3, Tl(OH)3

and TlCl3 (Lin and Nriagu 1999). Generally, thermo-

dynamically more stable Tl? is the predominant

chemical species in nearly all environmental systems.

In marine environments, Tl? is adsorbed and oxidized

by negatively charged Mn oxides (and to a lesser

extent by neutrally charged Fe oxides), resulting in

oxidation of Tl? to Tl3? on the surface during

adsorption. This is what ultimately results in the

extreme isotopic fractionation of Tl by Mn (? Fe)

Fig. 1 Position of thallium in the periodic table of the elements

Fig. 2 Eh–pH diagram of the Tl–H–O systems (compiled from

Davies et al. 2016; Xu et al. 2019)
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oxides, which leads to very positive isotope compo-

sitions. The Eh-pH diagram showing the strong

predominance of Tl? is presented in Fig. 2.

Scavenging of thallium does not occur at a pH of

\ 3, but easily takes place at a pH of *6.5 (Karlsson

et al. 2006). The oxidation state of thallium plays a

significant role in Tl sorption (Karlsson et al. 2006).

According to Rehkämper and Nielsen (2004), 1 to 5%

of total Tl occurs in seawater as Tl3?. In the pH range

of 2 to 12 and high redox potential, Tl3? forms

insoluble Tl(OH)3. A reversible light-dependent oxi-

dation of Tl? to Tl3? coupled with photoreduction of

Fe3? to Fe2? was observed by Karlsson et al. (2006).

According to these authors, the redox state of thallium

in freshwater systems is controlled by the iron cycle.

Pure thallium occurs is scarce in nature because the

surface of metallic Tl is readily oxidized. However,

occurrences of native Tl were reported from Momo-

tombo volcanic sublimates (Quisefit et al. 1989).

Thallium forms many inorganic compounds, includ-

ing hydrides, fluorides, chlorides, bromides, iodides,

mixed halides, such as thallium(III) fluoride dichloride

(TlFCl2�3H2O), oxyhalides, oxides, hydroxides,

chalcogenides, salts with oxoanions etc. (Aldridge

2011; Jones and Stasch 2011). Many organothallium

compounds are known, with the bisubstituted deriva-

tives (R2TlX) being the most stable (Haiduc and

Zuckerman 2011).

3 Occurrence and abundances of thallium

in the environment

Even though global production of thallium is rela-

tively low amounting to approximately 15 t per year,

the annual release of Tl from different pollution

sources into the environment is high ranging from

2000 to 5000 t (Kazantzis 2000). There are two groups

of contamination sources: (i) the geologic (geogenic)

ones including Tl-bearing near-surface metal ore

deposits and exposed or shallow sub-surface mineral-

ized rock formations, and (ii) the anthropogenic ones

including atmospheric emissions, solid wastes and

wastewaters derived mostly from sulfide ore and coal

mining and processing (sometimes classified as

geoanthropogenic sources), metal sulfide ore smelting,

industrial and domestic bituminous (hard) coal and

lignite combustion, waste incineration, petroleum

refining, and cement manufacturing (e.g., Schaub

1996; Nriagu 1998; Reimann and Caritat 1998;

Leblanc et al. 1999; Kazantzis 2000; Alpers et al.

2003; Law and Turner 2011; Vaněk et al. 2016;

Karbowska, 2016; Caritat and Reimann 2017; Belzile

and Chen 2017; Liu et al. 2019a, b). The anthro-

pogenic sources have the greatest potential and

detrimental impact on various ecosystems and human

beings. The geologic sources play a significant role in

the areas of present and historic metal sulfide ore

mining, mostly in southern China (Lanmuchang,

Xiangquan), Republic of North Macedonia (Allchar),

northern Italy (Tuscany), USA (Iron Mountain),

Switzerland, France or southern Poland (Bukowno–

Olkusz). The largest number of Tl-induced casualties,

unparalleled throughout the world, was linked to the

nearly 400-year mining history of the Lanmuchang

Hg-Tl-As mine district. Many people who populated

this area have suffered from chronic thallium poison-

ing, including anorexia, alopecia, blindness and even

fatalities. A total of 87 cases of thallium intoxication

were reported in this mining district in 1960 alone

(Zhang et al. 1998). Figure 3 depicts major geochem-

ical processes governing environmental fate of thal-

lium versus different natural and anthropogenic

sources.

3.1 Crustal abundance and mineralogy

Thallium is ranked 60th in order of element abun-

dances in the Earth’s crust. This is a widely dispersed

element in the Earth’s crust at a mean concentration to

be estimated approx. 0.71 to 1.0 mg/kg (Wedepohl

1995; Rickwood 1983), and a consensus range of 0.1

to 3.0 mg/kg (Fortescue 1992; Rickwood 1983). The

content of this metal in igneous rocks varies from 0.05

to 1.8 mg/kg whereas in siliciclastic rocks from 0.4 to

2.0 mg/kg (Kabata-Pendias and Pendias 2011).

Clayey fractions of sedimentary rocks show enrich-

ments in Tl compared to their arenaceous counterparts.

Organic-rich clayey shales contain up to 1000 mg/kg

Tl (Kazantzis 2000). In contrast, limestones and

dolomites are distinctly depleted in thallium ranging

from 0.01 to 0.15 mg/kg (Kabata-Pendias and Pendias

2011). The high concentration of this element (up to

330 mg/kg) was noted in exposed rocks (limestones,

argillites) hosting the mercury–thallium–arsenic ore

deposit in the Lanmuchang district of the southwestern

Guizhou Province, southwestern part of China (Xiao

et al. 2004b). Coals of this area contain up to 46 mg/kg
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Tl, distinctly exceeding an average content of 3 mg/kg

(Koljonen 1992).

As mentioned before, thallium has a large ionic

radii and high coordination number, therefore it

behaves as an incompatible element and is left for

final stages of magmatic differentiation (e.g., more

felsic rocks like granites or pegmatites). This is the

reason why alkaline and acidic igneous rocks contain

far more thallium than their mafic and ultramafic

counterparts, for example Tl abundance in granite

averages 0.75 mg/kg whereas in basalt approx.

0.1 mg/kg (Levinson 1980). Besides, Tl? radius is

similar to K?, Rb? and Cs? radii thus favoring the

occurrence of this element in more common potassium

minerals, especially in K-feldspar, biotite, muscovite

or sylvite, for example an IsoProbe MS-ICP-MS study

of feldspar and mica samples showed Tl concentration

over 20 mg/kg (Rader et al. 2018). Because Tl? and

Tl3? radii are far too large to substitute Mg2? and Fe2?

in the lattice of olivine (Mg,Fe)2SiO4 and pyroxene

(Mg,Fe)2Si2O6, which are the principal minerals of the

Earth’s mantle, hence these two mafic minerals are

distinctly depleted in Tl in the range of 3–45 lg/kg

(Jović 1993).

Additional geologic processes, such as hydrother-

mal alteration, may have a further impact on Tl

distribution and behavior leading in some places to

high concentrations of this metal. Of the thallium

minerals, only lorandite TlAsS2 (Lanmuchang, China)

and avicennite Tl2O3 (Luolong, Tibet) make up a few

ore deposits (Liu et al. 2019a). The others, such as

crookesite (Cu,Tl,Ag)2Se, ellisite Tl3AsS3 and

hutchinsonite (Pb,Tl)2As2S9 are very scarce and are

unmined. In the Krstov Dol antimony deposit of the

Republic of North Macedonia, stibnite Sb2S3 and

berthierite FeSb2S4 displayed relatively high thallium

concentrations reaching 0.3% (Alderton et al. 2005).

The largest number of Tl-rich sulfide deposits with

proven Tl reserves of approx. 16,000 t occur in

different provinces of China (cf. Liu et al. 2019a).

Nonetheless, the most unique place throughout the

world is the Sb–As–Tl sulfide ore deposit located in

Allchar, near the border of the Republic of North

Macedonia and Greece where lorandite and addition-

ally 45 rare Tl-bearing minerals were found, including

those typical only for this locality, namely jankovicite

Tl5Sb9(As,Sb)4S22, picotpaulite TlFe2S3, rebulite Tl5-

Sb5As8S22 and simonite TlHgAs3S6 (Boev et al.

2001–2002).

Thallium occurs more frequently as a trace element

in metal sulfides reaching locally very high concen-

trations, for example, chalcopyrite CuFeS2, pyrite

FeS2, sphalerite ZnS and galena PbS associated with

epi- and telethermal (\ 200 �C) metalogenesis con-

tained up to 5%, 0.77% 1000 mg/kg and 20 mg/kg Tl,

respectively (Viets et al. 1996; Twidwell and

Fig. 3 Major geochemical processes governing environmental fate of thallium
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Williams-Beam 2002; Peter and Viraraghavan 2005;

Xiong 2007; Zhou et al. 2008). In pyrite, for example,

thallium may be incorporated into the crystal structure

substituting for Fe or form tiny nano- and micro-sized

inclusions of Tl mineral phases (Deditius and Reich

2016). It is interesting to note that an EMPA study

showed substantial variability in Tl contents within

sphalerite grains of the abandoned Santa Manolita

mine in El Losar del Barco (Ávila, Spain) varying

from 0.064 to 0.266 wt% (Murciego et al. 2010). In

another LA-ICP-MS study of galena from the Bleik-

vassli Fe–Zn–Pb–Cu sulfide ore deposit (Norway),

concentrations of Tl ranged from 26.3 to 289 mg/kg

(George 2013). The presence of variable Tl impurities

within the sulfide crystal structure tends to decrease

the mineral resistance to weathering (oxidation).

The highest concentrations of thallium (up to 3.5%)

were recorded in the Hg-Tl-As ores of the Lan-

muchang area (Xiao et al. 2004b). Various metal

oxyhydroxides and oxyhydroxysulfates, resulting

from oxidation of primary sulfide minerals of this

ore deposit contained up to 1100 mg/kg adsorbed and

co-precipitated thallium whereas mine wastes

revealed up to 2600 mg/kg Tl. Similarly, pyrite of

the Silesian-Cracow Zn-Pb-Fe sulfide ore deposit

(southern Poland) contained 800–1200 mg/kg Tl, but

its post-flotation wastes were distinctly enriched in

this metal reaching 5000 mg/kg (Karbowska 2016).

The exceptionally high contents of thallium

(20.82 wt% as Tl2O) were found in Mn-oxyhydrox-

ides of a polymetallic mineralization zone at the Zalas

quarry, near Cracow, southern Poland (Gołębiowska

et al. 2017). High concentrations of this metal (range

of 100 to 1000 mg/kg) were also reported in Jurassic

coals of Tadzhikistan (Smith and Carson 1977). In

addition, deep-sea sediments, and Fe-Mn oxyhydrox-

ide nodules, crusts or efflorescences are also abundant

in Tl (discussed later).

3.2 Soils

Different studies have revealed that bedrock mineral-

ogy and lithology generally contribute to thallium

distribution patterns of soils, sediments, waters, and

biota. Thallium is mobile in soils and its content

generally varies from 0.01 to 0.5 mg/kg (Kabata-

Pendias and Pendias 2011). The Tl abundances in

topsoil of Europe range from 0.05 to 24.0 mg/kg with

a mean of 0.821 mg/kg (n = 840) and are close to

those in subsoil varying from 0.01 to 21.3 mg/kg with

a mean of 0.828 mg (n = 783) (Salminen 2005). The

similar average values were also reported in France

(1.513 mg/kg; Tremel et al. 1997). These and other

examples of Tl concentrations in soils are given in

Table 1. More detailed data on thallium contents in

soils, as well as in sediments, waters, and airborne

particulates throughout the world were summarized by

Belzile and Chen (2017).

Higher concentrations of Tl in soils, like in other

abiotic systems, are scarce, for example, contaminated

soils from the Lanmuchang Hg-Tl-As mineralized

areas contained up to 124 mg/kg Tl (Xiao et al.

2004b). For comparison, background soils of this area

showed low concentrations of Tl in the range of\ 0.2

to 0.5 mg/kg. Similarly, high levels of Tl in soils were

reported in the areas of Zn-Pb-Fe sulfide ore mining

and processing. For example, in the Silesian-Cra-

cowian district, topsoil (0–0.2 m interval) contained

up to 150 mg/kg Tl (Jakubowska et al. 2007).

However, the highest Tl concentrations worldwide

(range of 0.11 to 20,000 mg/kg with a mean of

660 mg/kg, n = 134) were found in topsoil (0–30 cm)

of the Allchar site linked to the hydrothermal As-Sb-Tl

Crven Dol deposit located within Triassic altered

carbonate rocks in the southern part of the Republic of

North Macedonia (Bačeva et al. 2014). The mean of

660 mg/kg was *800 times higher than that recorded

for topsoil of Europe (Salminen 2005).

The results of a sequential extraction procedure

performed on mining-affected soils in the Madrid

Province (Spain) indicated that thallium derived from

mine wastes did not undergo transformation into more

labile and extractable fractions, and was mostly

entrapped in a residual parent fraction, e.g., Tl-bearing

quartz and aluminosilicate particles (Gomez-Gonza-

lez et al. 2015). Tl? ions are not significantly adsorbed

onto Fe-oxyhydroxide colloidal phases, and do not

undergo strong complexation by humic acids in soils,

therefore these ions may move easily to pore water and

subsequently to plants. Nonetheless, there is evidence

that Mn-oxyhydroxides that form individual accumu-

lations or coatings on different mineral grains, may

also play a role in Tl retention (Jacobson et al. 2005).

Thallium may also occur in soils as Tl secondary

minerals – sulfates/oxyhydroxysulfates, for example

jarosite of circumneutral soils near Buus in the Swiss

Jura Mountains attained a maximum of *10,000 mg/

kg Tl (Herrmann et al. 2018). As a result of enzyme
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leaching or a pH decrease (under reducing conditions),

thallium may be released from these mineral

scavengers.

The experimental study performed by Vaněk et al.

(2012) showed that low molecular-weight organic acid

solutions (including citric, oxalic, and acetic acids)

were 2.7-fold more effective in removing lithogenic

thallium than the water alone. The maximum values

were obtained for oxalate after 0.5-h leaching. This

batch experiment also revealed that illite and Mn3?/

Mn4? oxides, and to a lesser extent orthoclase and

muscovite, controlled Tl solubility by effective

adsorption of this metal on their surfaces. Adsorption

Table 1 Tl concentrations in selected sediments and soils (mg/kg)

Media Locality Range Mean References

Marine sediments World 10–5700 – Twidwell and Williams-Beam (2002)

Stream sediments Europe \ 0.002–7.90 0.477 Salminen (2005)

Floodplain sediments Europe \ 0.002–3.46 0.451

Estuarine sediments Tamar, United Kingdom 0.078–0.222 0.080 Anagboso et al. (2013)

Marine sediments Bohai Sea, China Zhuang and Gao (2015)

Summer 0.36–0.58 0.42

Autumn 0.30–0.56 0.44

River sediments Laizhou Bay, China

Summer 0.34–0.76 0.45

Autumn 0.35–1.08 0.47

Post-tsunami sediments Phuket Island, Thailand 0.37–1.13 – Łukaszewski et al. (2012)

River sediments in mining area As-Sb-Tl Allchar, Macedonia 11–25 17 Bačeva et al. (2014)

Upstream sediments Allchar area, Macedonia 0.62–0.87 0.78

Downstream sediments Allchar area, Macedonia 1.4–3.3 2.3

Pond sediments in unmined area Tl Xiangquan, China 0.39–1.29 0.783 Zhou et al. (2008)

Loess China, Moldavia, Tajikistan 0.32–0.69 0.52 Nielsen et al. (2005)

Topsoil Europe 0.05–24.0 0.821 Salminen (2005)

Subsoil Europe 0.01–21.3 0.828

Natural soils China 0.282–1.17 0.584 Qi et al. (1992)

Surface soils Across Norway 0.02–1.40 0.184 Nygård et al. (2012)

Forest soils Czech Republic 0.56–1.65 – Vaněk et al. (2009)

Grassland soils Czech Republic 1.11–2.06 –

Arable soils France 0.04–55 1.513 Tremel et al. (1997)

Topsoil EuroRegion Neisse \ 25–[100 0.5 Heim et al. (2002)

Urbisols Alcalá, Spain 0.03–0.25 0.12 Peña-Fernández et al. (2014)

Technosols 0.04–0.28 0.12

Soils in mining area Zn-Pb-Fe Olkusz area, Poland 1–139 – Cabała and Teper (2007)

Soils in unmined area Tl Xiangquan, China 0.39–6.87 0.80 Zhou et al. (2008)

Tl-ore 149.8–2210 1133.2

Pyrite 132.2–7117 2701.2

Mineralized soils As-Sb-Tl Allchar, Macedonia 0.11–20,000 660 Bačeva et al. (2014)

Soils in mining area Hg-Tl-As Lanmuchang, China 1.5–124 63 Xiao et al. (2004b)

Sulfide ores Hg-Tl-As Lanmuchang, China 100–35,000 4400

Secondary minerals Hg-Tl-As Lanmuchang, China 25–1100 89

Mine wastes Hg-Tl-As Lanmuchang, China 32–2600 136
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of thallium onto illite was also confirmed by Wick

et al. (2018).

3.3 Sediments

Thallium concentrations in lake sediments are in the

range of 2.1 to 23.1 mg/kg with a mean of 13.1 mg/kg

(Mathis and Kevern 1975) whereas in marine sedi-

ments from 0.08 to 5 mg/kg (Matthews and Riley

1970). The concentrations of Tl in stream sediments of

Europe range from \ 0.002 to 7.90 mg/kg, with a

mean of 0.477 mg/kg (Salminen et al. 2005). A study

conducted by Zhuang and Gao (2015) in the Laizhou

Bay and the Bohai Sea (China) indicated seasonal

variations in Tl contents (Table 1). For comparison,

contaminated river sediments within a zone of

hydrothermally altered rocks of the As-Sb-Tl Crven

Dol deposit contained somewhat increased levels of Tl

varying from 0.62 to 0.87 mg/kg with a mean of

0.78 mg/kg (Bačeva et al. 2014). The other examples

of Tl occurrences in sediments are presented in

Table 1. More detailed data on Tl concentrations in

sediments of different sites throughout the world were

reported by Belzile and Chen (2017). In the high

oxidizing and alkaline environments, this element

undergoes oxidation from Tl? to Tl3?, and subse-

quently adsorption and complexation by predominant

clay minerals, primarily by illite and vermiculite, and

to a lesser extent by montmorillonite and kaolinite

(Mathews and Riley 1970; Jacobson et al. 2005;

Kersten et al. 2014).

Because sediments are closely linked to aquatic

biota, so it is important to evaluate their potential

ecological risk by determining concentrations of toxic

elements. Based on the ecological risk indices (ERI)

derived from the study of Swedish lakes, Håkanson

(1980) divided sediments into five classes:

(i) low risk (B 40);

(ii) moderate risk ([ 40 to B 80);

(iii) considerable risk ([ 80 to B 160);

(iv) high risk ([ 160 to B 320);

(v) very high risk ([ 320).

One of the examples was an assessment of the Tl

potential ecological risk of sediments in the Zaoz-

huang Section of the Beijing-Hangzhou Grand Canal,

China. Thallium concentrations were in the range of

0.46 to 0.70 mg/kg with a mean of 0.61 mg/kg

whereas the ERI varied from 9.41 to 14.38 with an

average of 12.52, which corresponded to a very low

risk (Liu et al. 2018).

The study of the Tamar estuary sediments and water

column in southwestern England showed a lack of

geochemical interactions (adsorption–desorption)

between these two media (Anagboso et al. 2013).

Low concentrations of Tl (*80 lg/kg) were observed

across the tidal estuary sediments, with an excursion

into the most landward site (*220 lg/kg), which

pointed to inputs from mineralized areas, or short-term

diagenetic processes in sediments.

Bioturbation/bioirrigation may release Tl from

contaminated sediments to the water column, thus

jeopardizing aquatic biota as evidenced by the batch

experiments performed on riverine organism groups:

Tubificid, Chironomid larvae, and Loach. During the

first 9 days, bioturbation enhanced the release of Tl to

the water column and finally ceased after 28 days of

the experiment. Along with an increased pH, Fe- and

Mn-oxyhydroxides formed subsequently scavenging

Tl from water (He et al. 2015). Biomethylation and

oxidation of Tl? to (CH3)2Tl?, activated by anaerobic

bacteria, were noted in lake and marine sediments

(Huber and Kirchmann 1978; Schedlbauer and Heu-

mann 2000). Due to similar standard redox potential

(E0) of thallium (1.25 V) and manganese (1.23 V),

which are higher than that of iron (0.77 V), thallium

tends to concentrate in oceanic ferromanganese oxy-

hydroxide nodules, crusts or efflorescences (Gao et al.

2007). The Fe-Mn oceanic crusts contain up to

100 mg/kg Tl (Wedepohl 1972; Twidwell and Wil-

liams-Beam 2002). However, in the reducing envi-

ronments, thallium undergoes desorption being

released from manganese oxyhydroxides into the

water column.

3.4 Aqueous systems

Surface waters play an important role in transporting

and distributing of thallium among different abiotic

and biotic systems. Tl? ion is also a predominant

chemical species in terrestrial aqueous systems under-

going oxidation to Tl3? (Tl(OH)3) at moderate pH and

Eh conditions (range of 0.0–1.2 mV). Concentrations

of Tl in some selected aqueous systems are presented

in Table 2. Except for acid mine drainage waters

(discussed later), most lake and river waters show low

levels of thallium in the 5–10 ng/L range (Peter and

Viraraghavan 2005). Concentrations of Tl in stream

123

12 Rev Environ Sci Biotechnol (2021) 20:5–30



waters of Europe vary from\ 0.002 to 7.90 lg/L with

a mean of 0.477 lg/L (n = 807) (Salminen et al.

2005). It is interesting to note that Miocene colored

groundwaters of the Central Wielkopolska region

(west-central Poland) are characterized by dissolved

Tl concentrations in the range of 0.004 to 0.47 lg/L

with a median of 0.11 lg/L. However, total Tl

concentrations, including suspended solids, are much

higher varying from 0.44 to 26 lg/L with a median of

4.05 lg/L (Wojtkowiak et al. 2016). This indicates

that some of these aquifers cannot be extracted

because Tl concentrations exceed permissible regula-

tory levels (2 lg/L) for drinking waters set by the U.S.

Environmental Protection Agency (USEPA 2003) and

other national regulatory agencies.

Table 2 Concentrations of thallium in selected surface, underground and mine waters

Medium Locality Range Mean References

Open ocean seawater (ng/L) 10–20 – Owens et al. (2017) and Böning

et al. (2018)

Streams and rivers (ng/L) Europe \ 2–7900 477 Salminen (2005)

Rivers (ng/L) Across the World 1.31–16.7 – Nielsen et al. (2005)

Amazon Estuary 16.4 –

Danube Central Europe 16.0 –

Nile Egypt 3.13 –

Rhine Germany 3.61–6.71 –

Volga Russia 1.60 –

Beijing-Hangzhou Grand

Canal (lg/L)

China 0.46–0.70 0.61 Liu et al. (2018)

Streams and rivers (lg/L) Oslo area, Norway \ 0.01–0.02 0.01 Reimann et al. (2009)

Lake waters (ng/L) Great Lakes 0.09–48.1 10.6 Cheam (2001)

Tap waters (ng/L) Across Italy \ 0.5–291 5.5 Dinelli et al. (2012)

Snow (ng/kg) Devon 1999, Canada 0.12–3.40 0.24 Krachler et al. (2008)

Devon 2000, Canada 0.03–2.81 0.45

Devon 2004, Canada 0.35–1.12 0.50

Snow and ice (ng/kg) Arctic 0.0–8.4 0.8 Cheam (2001)

Natural waters (lg/L) Unmined Tl-ore deposit Xiangquan,

China

\ 0.05–0.65 – Zhou et al. (2008)

Surface waters (lg/L) Silesian-Cracow Zn-Pb mine area, Poland 0.16–3.24 Paulo et al. (2002)

AMD waters (lg/L) Valdicastello Carducci—Pietrasanta, N

Tuscany, Italy

200–9000 – Petrini et al. (2016), Campanella

et al. (2016)

AMD waters (lg/L) Iron Mountain, N California 150–1600 – Alpers et al. (2003)

AMD waters (lg/L) Pollone mine, N Tuscany, Italy 107–1000 266 Perotti et al. (2018)

AMD waters (lg/L) M. Arsiccio mine, N Tuscany, Italy 7.3–856 475

AMD water (lg/L) Cu mine, Shanxi, China 1520 – Zhang 2017 cf. Liu et al. (2019a)

AMD pit water (lg/L) Xingren Hg-Tl mine, Lanmuchang area,

Guizhou, China

26.6–26.9 – Xiao et al. (2003, 2004a,b, 2012)

AMD groundwaters (lg/L) 13–1966 –

AMD surface waters (lg/L) 1.9– 8.1 –

AMD pools (lg/L) Wiśniówka mine area, Poland \ 0.01–32.6 12.27 Migaszewski et al. (2019)

Wastewater (lg/L) Zn-facility, Jiangxi, China 3000–1500a – Liu et al. (2019a)

Wastewater (lg/L) Pb-Zn smelter, Guangdong, China 470–370a –

Pond (lg/L) 354.1

aBefore and after lime treatment
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In seawater, this element forms two chemical

species: predominant Tl? and subordinate dissolved

complexes TlCl0 (Byrne 2002; Nielsen et al. 2009;

Turner et al. 2010). The geochemical abundance of

thallium in seawater varies from 0.2 to 20 ng/L with a

mean of 1.3 ± 1 ng/L (Rehkämper and Nielsen 2004;

Enghag 2004; Nielsen et al. 2006). It was found that

rivers, hydrothermal and volcanic activity, airborne

mineral particulates, and continental margin sedi-

ments are the principal fluxes of thallium to seawater

(Rehkämper and Nielsen 2004). The recent oceanic

residence time of Tl in the oceanic water is

*18,500 years (Rehkämper and Nielsen 2004; Baker

et al. 2009; Nielsen et al. 2017), which is substantially

longer than the oceanic water mixing time of

*1500 years.

The study of northwestern German coastal waters

documented seasonal and spatial variations in dis-

solved thallium concentrations from *5.1 to 12.3 ng/

L. The tidal Tl variations and low Tl levels in the water

column may have been induced by removal of this

metals from pore waters in reducing sediments and

release of Tl-free and Mn-rich pore waters during low

tides. The negative Tl anomaly was observed at over

40 km to the island of Helgoland. This means that

thallium does not behave conservatively in seawater

(Böning et al. 2018).

Sometimes water pipelines may become secondary

source of thallium contamination as substantiated by

the Valdicastello Carducci-Pietrasnta study in north-

ern Tuscany, Italy (Biagioni et al. 2017). The rust

scales, composed mostly of Fe oxyhydroxides with an

admixture of Mn, contained up to 5.3 wt% Tl. These

scales consisted of nano- and microspherules of Tl2O3

with subordinate nanocrystalline TlCl encrustations.

Results of X-ray absorption spectroscopy (XAS)

analysis suggested that Tl? ions in water came from

dissolution of TlCl coatings.

3.5 Acid mine/rock drainage

The acid mine drainage (AMD), or the naturally

induced Acid Rock Drainage (ARD), is the most

significant process responsible for remobilization of

metal(loid)s from sulfide ore deposits and mineralized

rock formations. This process is initiated by oxidation

of pyrite (FeS2), and to a lesser extent by different

iron-bearing sulfides, as a result of metal sulfide ore

and coal mining and processing, in places by dam or

highway construction works exposing metal sulfide

mineralization zones (e.g., Alpers et al. 2003; Knöller

et al. 2004; Romero et al. 2010; Nordstrom 2011b;

Migaszewski et al. 2018). The AMD (ARD) generates

sulfuric acid and various pyrite oxidation products that

trigger a sequence of physical, chemical, mineralog-

ical and biological feedback processes leading to

accumulation of toxic metal(loid)s in waters, sedi-

ments, soils, and biota.

The mine tailings spill accidents have posed a threat

to the environment in many sites all over the world

(Nordstrom 2011a, b). Acidic waters and mud are

typically abundant in toxic metal(loid)s including

thallium. One of these examples was a catastrophic

dam breach of the Aznalcollar tailings pond (south-

west Spain) in 1998 that released about 4 million

cubic meters of acidic water and 2 million cubic

meters of toxic mud into the Agrio River and

subsequently the Guadiamar River. The metal(loid)-

rich mud alone contained 0.005% Tl (Grimalt et al.

1999).

There are only a few published reports that focus on

concentrations of thallium in AMD areas, hence

relatively little is known about the occurrence of Tl

chemical species and their behavior in these extreme

environments. Apart from dominant Tl? ions, this

element may also form complexes not only with

prevailing sulfates, but also with carbonates, arsen-

ates, chlorides and nitrates as suggested by Zhang et al.

(1998) and Cidu (2011). In contrast to most metal(-

loid)s, thallium is only slightly adsorbed onto and co-

precipitated with predominant Fe- and Al-oxyhydrox-

ides (Casiot et al. 2011). However, in reducing

environments, this element can easily undergo adsorp-

tion onto and co-precipitation with Fe sulfide colloids

(Laforte et al. 2005).

Thallium concentrations in AMD mine and tailings

effluents vary from several through hundreds of lg/L

and are primarily associated with Tl-rich sulfides (e.g.,

Zitko 1975; Xiao et al. 2003; Casiot et al. 2011; Perotti

et al. 2018). The most extreme AMD seeps and pools

of the Iron Mountain massive sulfide deposit (northern

California, USA) contained up to 1600 lg/L Tl

(Alpers et al. 2003). In the Tl-As-Hg-Au mineralized

area of southwestern Guizhou Province (China),

concentrations of Tl in groundwaters varied from 13

to 1966 lg/L whereas in stream waters from 1.9 to

8.1 lg/L (Table 2). The high levels of Tl (up to

1000 lg/L) were also found in the Baccatoio Stream
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of northern Tuscany. As a result of dilution, the

maximum Tl concentration dropped downstream

reaching *4 lg/L near the coastline and 0.5 lg/L in

a mixing zone with seawater (Perotti et al. 2018).

However, the worldwide highest Tl levels (9000 lg/

L) were found in strongly acidic water ponds (pH of

1.5–2.0) in abandoned mine adits located in the

Valdicastello Carducci and Pietrasanta area, northern

Tuscany, Italy. These underground waters jeopardize

the quality of potable water used by local community

(Petrini et al. 2016; Campanella et al. 2016, 2017;

D’Orazio et al. 2020). The main source of water

pollution is a pyrite ore containing 100–600 mg/kg Tl

(Biagioni et al. 2013). The other AMD sites are not so

abundant in thallium, for example, concentrations of

Tl in strongly acidic (pH 1.4–2.2) and extremely As-

rich pools of the Wiśniówka AMD area (south-central

Poland) varied from \ 0.01 lg/L to 32.6 lg/L (Mi-

gaszewski et al. 2019). Similarly, the False Wager

Creek of the Drenchwater Zn–Pb–Ag sulfide ore

deposit (north-central Alaska), showed a range of

\ 0.04 to 89 lg/L Tl as reported by Graham and

Kelley (2009).

This and other studies have indicated that thallium

(like dissolved sulfates) behaves conservatively and is

only partly adsorbed onto Fe-Al hydroxide colloids,

being transported primarily in the form of dissolved

ions or different complexes (Cidu 2011). This is the

reason why this metal is practically not removed by a

hydroxide treatment technique (Law and Turner

2011). The same trend was also observed in the

AMD waters of the of Cornwall county (southwestern

England), where effluents of abandoned South Crofty

tin mine were enriched in Tl (2640 ng/L) as opposed

to rivers (with regional baseline of 13 ng/L Tl) whose

catchments were located in areas with a minimum

mining activity (Tatsi and Turner 2014).

It should be stressed that the high Tl concentrations

mentioned above occur directly at a pollution source,

e.g., various acidic seeps, pools or ponds linked to

mine adits and workings, tailings piles, or mineraliza-

tion zone outcrops. Streams and rivers flowing through

mining areas are usually depleted in thallium com-

pared to AMD waters as evidenced by the study from

six mining districts of the Republic of North Mace-

donia. The concentration of this element varied from

0.2 to 1.5 lg/L decreasing downstream (Alderton

et al. 2005). These variations in the AMD water

geochemistry are linked to a large extent to local

lithology and mineralogy of host rock formations. The

strongly acidic pyrite oxidation products react with

different Tl-bearing sulfide and gangue minerals

releasing this element to the environment. For exam-

ple, the Iron Mountain volcanogenic massive sulfide

(VMS) deposit of Kuroko type (Albers and Bain 1985)

is a source of far larger amounts of thallium than the

Wiśniówka Upper Cambrian stratiform As-rich pyrite

mineralization zone occurring within sedimentary

siliciclastic rocks (Migaszewski and Gałuszka 2019).

3.6 Atmosphere

The average content of thallium in the air does not

exceed 1 ng/m3 (Peter and Viraraghavan 2005).

Thallium is a highly volatile element at high temper-

atures and is released into the atmosphere in the form

of fly ash, vapors and liquids during cement manu-

facturing, metal sulfide ore smelting, or largely

through industrial and domestic coal combustion due

to the lack of efficient emission control facilities.

According to López Antón (2013), during combustion

about 40% Tl can be attributed to a gas phase and

60%Tl to fly ash. For example, an ash sample taken

from furnace stack filters and a sintering furnace of the

‘‘Bolesławiec’’ mining-metallurgical plant (south-

central Poland) contained on an average of 882 mg/

kg Tl and up to 5% Tl, respectively (Kicińska 2009).

Airborne Tl-rich ash particulates are of great concern

because they are deposited in soils, sediments, waters,

and plants, and have potentially detrimental effects on

biota and human health.

As a result of long-range airborne transport,

Canadian Arctic snow and ice showed a mean value

of 0.8 ng/L Tl (Cheam 2001). One of the most

interesting study, which documented the influence of

meteorological conditions on Tl deposition, was

performed by Krachler et al. (2008). Based on 567

ice, firn and snow samples collected from the Devon

Ice Cap, Canadian High Arctic, they recorded a trend

in Tl atmospheric long-range variations spanning

16,000 years. Concentrations of Tl varied from 0.03

to 3.40 lg/kg being the highest during the Younger

Dryas period that was characterized by sparse vege-

tation, cold climate and high wind strengths, and

consequently increased soil dust (and Tl) accumula-

tion. The background Tl/Sc ratio for the oldest ice

samples (15,010–10,590 year. BP) was far lower

(0.11 ± 0.03) than in the modern (1994–2004) snow
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pit samples (*0.5–2.0). Based on the analysis of snow

pit samples, Krachler and coauthors (2008) estimated

that 90% of Tl deposited on the Devon Ice Cap was

derived from remote anthropogenic sources in spite of

the seasonal input variations, being the greatest during

winters.

Kellerhals et al. (2010) studied ice cores from the

Nevado Illiman glacier (Bolivia) using thallium as a

tracer of preindustrial volcanic eruptions that spanned

the last 2000 years. They obtained four Tl peaks that

may have fingerprinted four massive explosive erup-

tions of: (i) ‘‘unknown 1258’’ volcano, (ii) Kuwae

(*1450), (iii) Tambora (1815), and (iv) Krakatoa

(1883). The concentration enrichment factor (EF)

computed as: (Tl/U)ice core/(Tl/U)Earth’s crust varied

from 6 (‘‘1258’’ signal) to 30 (Tambora signal). The

first signal was presumably linked to the Samalas

volcano that erupted in 1257 on the Indonesian island

of Lombok. The volcanic ash plumes reached the

stratosphere and spread throughout the world.

Biomonitoring study of the moss species Hylo-

comium splendens from Norway pointed to a long-

range transport of pollutants from different parts of

Europe. Concentration of thallium in 458 moss

samples varied from 0.0022 to 1.4 mg/kg, with a

mean of 0.12 ± 0.15 mg/kg (Berg and Steinnes

1997). The comparative moss Pleurozium schreberi

study performed in 1975 and 2000 in the southern part

of Sweden showed a distinct decrease of Tl levels from

0.152 ± 0.033 mg/kg to 0.066 ± 0.023 mg/kg

(Rühling and Tyler 2004). Another biomonitoring

study conducted on the predominant moss species

Pleurozium schreberi and Scleropodium purum from

250 sites in the Czech Republic exhibited variations in

Tl concentrations from\ 0.06 mg/kg in areas of small

deposition loads to [ 0.21 mg/kg in highly contam-

inated areas (Sucharová and Suchara 2004).

3.7 Vegetation

Thallium is a non-essential element to plants (Robin-

son and Anderson 2018) and its average concentration

in land plants is usually\ 0.1 mg/kg dry weight

(DW) whereas in edible plants varies from 0.02 to

0.125 mg/kg DW (Smith and Carson 1977). Trees and

herbages contain more Tl than other plants (Kabata-

Pendias and Pendias 2011). Subalpine trees and shrubs

from the Rocky Mountains comprised (in ash weight,

AW) 2–100 mg/kg Tl (Shacklette et al. 1978). Based

on U.S. plant studies, Carson and Smith (1977)

regarded Tl concentrations in the range of 2–7 mg/

kg in ash as anomalous and C10 mg/kg as highly

anomalous.

Bioavailability and bioaccumulation of thallium by

individual plants is highly variable and depends on

plant species, and on edaphic (soil chemistry and

mineralogy), climatic, topographic and hydrologic

factors. Climatic factors (temperature, precipitation,

insolation, wind rose) are in turn affected by the

northern-southern aspect, phenology and seasonal

changes (Dunn et al. 1992). Many of these factors

are largely unpredictable because they are additionally

overlapped by physiologic and genetic variables.

Another important issue, which must also be consid-

ered when assessing overall toxicity of plant species, is

synergism linked to associated toxic elements. For

example, the Lanmuchang study showed that aside

from Tl (120–495 mg/kg, DW), green cabbage also

contained a variety of other potentially toxicants (mg/

kg, DW given in parentheses): As (0.38–0.89), Ba

(46–90), Cd (0.17–0.35), Cr (0.31–0.74), Hg

(0.38–0.72), Mo (0.6–1.2) and Pb (0.5–2.1), and

additionally essential metals, e.g., Cu (2.7–7.9) and

Zn (32–92), which may provide both synergistic and

antagonistic effects (Xiao et al. 2004a).

The type of industrial emission source has also an

influence on Tl bioavailability, for example, Tl in

cement dust is more readily bioavailable than Tl from

soils (Kazantzis 2000). Holubı́k et al. (2020) observed

two times higher bioaccessibility of Tl to the hyper-

accumulator species Sinapis alba L. (white mustard)

growing in the soil substrate compared with its

hydroponic equivalent. Another study performed on

Sinapis alba L by Vaněk et al. (2011) showed that

birnessite d-MnO2 immobilized and adsorbed Tl more

effectively than illite, thus lowering bioavailability of

this element. This experiment indicated that birnessite

might find application in remediation of Tl-contami-

nated circumneutral or moderately acidic soils. In

another experiment, Vaněk et al. (2013) demonstrated

that S. alba growing on modified illite-rich soil

showed the highest uptake of thallium as opposed to

birnessite. In contrast to more stable goethite, disso-

lution of synthetic calcite and ferrihydrite in the

rhizosphere-like environment favored Tl mobiliza-

tion. These results indicated that soil mineralogy

played a decisive role in phytoavailability of this

metal.
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The highest concentrations of thallium (1.7%) were

recorded in the ash of bedstraw (Galium verum)

growing on Tl-bearing soils of the Alsar district in the

Republic of North Macedonia. The concentrations of

thallium, ranging hundreds of mg/kg, were found in

the plant species of the Brassicaceae (mustard) family

(Robinson and Anderson, 2018). Another herbaceous

plant, toadflax (Linaria vulgaris) contained as much as

3000 to 3800 mg/kg Tl DW (Zýka 1972). Of the other

Tl hyperaccumulating plants, two plant species should

be mentioned: brassicaceous Iberis intermedia Guer-

sent (candytuft) that contained up to 4,055 mg/kg Tl

DW and Biscutella laevigata L. with 13,768 mg/kg Tl

DW growing on lead-zinc ore mine tailings near

Montpellier, France (Leblanc et al. 1999). A threshold

concentration of 100 mg/kg Tl was proposed for plant

hyperaccumulators (Van der Ent et al. 2013). These

two plant species accumulate thallium in excessive

amounts and can be used for both soil remediation and

phytomining of brownfields and other derelict sites.

Plants and crops growing in sulfide ore mining

areas also show a distinct abundance in thallium, for

example in the Lanmuchang Hg-Tl-As area (China) in

the range of 0.78 mg/kg (corn) to 495 mg/kg (green

cabbage) surpassing concentrations of this elements in

soils (40–124 mg/kg) (Table 3). This indicates that

concentrations of Tl in plants are species-dependent if

they grow in the same environmental conditions. The

enrichment factor (Tl concentration ratio in crops vs.

parent soils) for green cabbage exceeded 1 reaching

11. By comparison, the green cabbage from unpol-

luted areas contained about 0.4 mg/kg Tl (Xiao et al.

2004a). The contents of Tl in different plants growing

in the Lanmuchang mine district versus the control

area are presented in Table 3. An interesting thing is

that in the early growing stage, green cabbage showed

far lower Tl contents varying from 15 to 32 mg/kg.

This means that this specific edible plant species has

enormous Tl-binding capacity increasing with age.

Much lower Tl concentrations were observed in

vegetables, corns, and pine needles (0.01–0.20 mg/

kg DW) in the Xiangquan unmined near-surface Tl-

ore deposit in the Anhui Province, East China (Zhou

et al. 2008). Although pyrite in this mineral ore deposit

was characterized by very high Tl contents ranging

from 213.4 to 7,717 mg/kg, these levels were not

mirrored in farmland soils (0.39–6.87 mg/kg).

Many laboratory and hothouse experiments were

performed to assess the uptake and accumulation of

thallium by different plant species from artificially

contaminated soils and waters in cultivated areas (e.g.,

Krasnodębska-Ostręga et al. 2012; Renkema et al.

2014; Ferronato et al. 2016). For example, an 80-day

long experiment carried out on Mediterranean horti-

cultural crops (basil, mint and strawberry) showed that

a Tl content in rhizosphere depends on plant species

metabolism. Of the three species examined, after 80

days, the strawberry exhibited both the highest Tl

concentration (251.7 mg/kg) and percentage of Tl

translocation from root to leaves whereas the mint the

lowest (Ferronato et al. 2016).

3.8 Microorganisms

Bacteria, algae and fungi may bring about various

interactions with abiotic systems affecting geoavail-

ability, mobility, dispersivity, bioaccessibility and

bioavailability of thallium by direct enzymatic or

indirect nonenzymatic actions, including redox pro-

cesses, chelatization by metabolites, biotransforma-

tion, and biodegradation of Tl complexes with ligands,

biosorption by functional groups or formation of

minerals. These biologically induced processes

release this metal to water which is also a principal

constituent of all plants, animals and man.

Studies conducted in the Yunfu AMD site (Yunch-

eng District, Guandong Province, south China)

revealed that Tl polluted surface sediments with Tl

concentrations in the range of 1.8 to 16.1 mg/kg were

habitats for 50 phyla from the Bacteria domain and 1

phylum of the Archaea domain. They included the

genera Acidithiobacillus, Ferroplasma, Ferrovum,

Leptospirillum, Metallibacterium and Sulfuriferula

(Liu et al. 2019b), typically encountered in pyrite

oxidation environments. The authors also evidenced

the positive correlation between Tl concentrations and

an amount of acidophilic Fe-metabolizing species.

Rasool et al. (2020) characterized microbial com-

munities from Tl-contaminated riverbank soils from

the Lanmuchang mine district, Guizhou Province

(China). They found a high microbial biodiversity in

the examined soil and suggested that microorganisms

of the genus Nocardioides, order Actinomycetales,

phylum Ralstonia and genus Sphingomonas are toler-

ant to high Tl concentrations, which may be important

for their potential use in bioremediation of Tl-

contaminated soils and sediments. A high efficiency

of Tl removal (up to 99.6%) from AMD soils by a
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sulfate reducing bacterium Citrobacter freundii was

documented by Zhang et al. (2017).

A study conducted by Sun et al. (2012) showed that

some bacteria cultures, filamentous fungi and actino-

myces were tolerant of very high Tl levels (up to

1000 mg/kg), maintaining their metabolic activities in

Tl-polluted soils of the Guizhou Province. These

authors identified nine fungal strains of the genera

Trichoderma, Penicillium, Paecilomyces and Marian-

naea, which might be useful for bioremediation of

highly contaminated soils and waters. Birungi and

Chirva (2015) used the green algae Scenedesmus

acuminutus, Chlorella vulgaris and Chlamydomonas

reinhardtii to evaluate their sorption potential and

Table 3 Concentrations of thallium in plants and crops under natural and man-induced conditions (mg/kg, dry weight, or otherwise

indicated)

Plants and crops Locality Range/Value Mean References

Vegetables Uncontaminated areas 0.02–0.125 – Smith and Carson (1977)

Clover 0.008–0.01 –

Meadow hay 0.02–0.025 –

Most vegetables Uncontaminated areas, USA

(contents in ash, AW)

0.4–0.5 Carson and Smith (1997)

Subalpine fir needles Rocky Mts., USA (AW) 2–100 – Shacklette et al. (1978)

Subalpine fir stem 2–70 –

Engelmann pine needles 2–10 –

Engelmann pine stems 15 –

Limber pine needles 2–5 –

Limber pine stems 3–5 –

Lodgepole pine needles 2–5 –

Lodgepole pine stems 3–7 –

Myrtle blueberry stems and leaves 2–7 –

Ponderosa pine stem 15 –

Chinese cabbage Lanmuchang Tl-ore mining

area, China

0.87–5.4 2.5 Xiao et al. (2004a)

Background values – 0.31

Green cabbage 120–495 338

Background values – 0.4

Chili 0.8–5.3 3.0

Background values – 0.27

Granular corn 0.78–3.1 1.43

Background values 0.05–0.09 –

Shelled rice 1.0–5.2 2.4

Background values – 0.27

Carrot root 22 –

Fern leaf 15 –

Wild herbs 25–47 36

Crops (garlic …. rice) Xiangquan Tl-ore unmined

area, China

0.01–0.20 – Zhou et al. (2008)

Pine needles 0.019 –

Birch buds Bukowno-Olkusz Zn-Pb

mining area, Poland

9.4–12.6 – Karbowska (2016)

Birch trunk juice (lg/L) 89–145 –

Grass – 25.5
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recovery of thallium. At a higher Tl concentration

(250–500 mg/L), these algal species achieved

removal capacity at a range of 830 to 1000 mg/g (C.

vulgaris), and high recovery of Tl amounting to

C93%. Thallium was bound on the algal cell walls

primarily by carboxyl and phenol functional groups.

3.9 Animals

Thallium exhibits acute and chronic toxicity to nearly

all living organisms (Kazantzis, 2000; Peter and

Viraraghavan, 2005). Toxicity of Tl? to organisms

depends on the species examined ranging from lg/L to

mg/L (e.g., Zitko et al. 1975; Rickwood et al. 2015). Tl

ions can substitute for K?, in the activation of the Na?/

K? ATPase pumps, then move through cell mem-

branes, accumulate in cells and then attack the

mitochondrial respiratory chain (e.g., Spencer et al.

1973; Osorio-Rico et al. 2017; Maya-López et al.

2018). Energy depletion, oxidative damage, and Na?/

K? ATPase pump inhibition may lead to Tl? toxic

effects in nerve terminals (Maya-López et al. 2018).

However, this metal tends to accumulate in some

living organisms, leading to considerable biomagnifi-

cation in a food chain. For example, the study of trout-

perch (Percopsis omiscomaycus) from the Athabasca

River (Canada), where a mean Tl concentration was

0.01 lg/L, showed that this fish species bioaccumu-

lates thallium in its otholits (Shotyk et al. 2019). The

Tl enrichment ratio in otholits relative to water was in

the range of 19–190. An interesting study on Tl

transfer in the river food web consisting of four trophic

levels in Northwest Territories (Canada) showed that

Tl concentrations decreased by 54% with each step of

the food chain in the subsequent trophic levels from

periphyton through invertebrates and small fishes to

large fishes (Jardine et al. 2019). The observed

phenomenon suggests that Tl exhibits biodilution in

the riverine food web.

Many thallium studies have been centered on

different species occupying habitats impacted by

geohazards or industrial pollution sources. One of

the examples is the Aznalcóllar mining spill into the

Guadalquivir River (SW Spain) that occurred in 1998.

This had no distinct impact on thallium concentrations

in four species: clam Scrobicularia plana (40–90 lg/

kg), fish Liza ramada (80–120 lg/kg), oyster Cras-

sostrea angulata (15–98 lg/kg), and crab Uca tangeri

(75–125 lg/kg). This study indicated that thallium was

not bioavailable in the presence of Tl-polluted sedi-

ments (DelValls et al. 1999). However, after

this ecological disaster, a study of white-toothed

shrew Crocidura russula from the Doñana

protected area showed a 3- and 10-fold increase

of Tl in liver (147 ± 44.47 lg/kg) and kidneys

(325.27 ± 33.59 lg/kg) vs. reference specimens

accumulating 52.68 ± 7.76 lg/kg Tl and

33.32 ± 7.63 lg/kg Tl, respectively (Sánchez-Chardi

2007). Moreover, adults exhibited higher Tl concen-

trations than juveniles, likewise females compared to

males.

Lengthy exposure to Tl emissions also induced

harmful effects on small forest mammal population of

106 individuals as documented by a bioindication

study in the neighborhood of the zinc smelter

‘‘Bolesław’’ in southern Poland (Dmowski et al.

1998). Very high Tl levels occurred in livers and

kidneys of all mammals from two areas located near

the smelter. The bank vole’s species Clethrionomys

glareolus exhibited the highest concentrations of

thallium in kidneys and livers reaching as much as

34.27 mg/kg (DW) and 14.5 mg/kg Tl (DW), respec-

tively (0.07 mg/kg in a control unpolluted area).

Several individuals showed a decreased amount of

hair and in one case a wood mouse (Apodemus

sylvaticus) had its half rear body nearly hairless.

4 Thallium isotopes in solving geologic

and environmental issues

Thallium contains only two stable isotopes with 203

and 205 atomic mass units and natural abundance

29.54% and 70.48%, respectively (Rehkämper and

Halliday 1999). These are used for isotope determi-

nations due to their substantial fractionation (*3.5%)

between Fe–Mn nodules, crusts or efflorescences,

which are abundant in 205Tl, and seawater (Nielsen

et al. 2017). Aside from these two stable isotopes, 35

short-lived thallium radionuclides have so far been

generated, including 204Tl (t1/2 = 3.78 years), 202Tl (t1/

2 = 12.2 days) and 201Tl (t1/2 = 73 h) (Belzile and Chen

2017).

In contrast to continental crust and Earth’s mantle,

modern oceanic water is enriched in the light isotope

(203Tl) and the e205Tl values (reported as
205Tl/203Tlsample -

205Tl/203TlNIST-SRM997)/(205Tl/203-

TlSRM997) 9 10,000)) vary from - 6 to - 5 with a
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mean of - 5.5 ± 1.0 due to scavenging of 205Tl

(caused by oxidation of Tl? to Tl3?) by authigenic Fe-

Mn oxyhydroxides that consequently show a mean

e205Tl value of ? 12.8 ± 1.2 (Rehkämper et al. 2002;

Nielsen et al. 2005, 2006, 2009). This is the reason

why ferromanganese nodules and crusts are ubiqui-

tously enriched in the heavy 205Tl isotope. For

comparison, the mean e205Tl values for different

Earth’s environments are relatively uniform: -2.5

(volcanic gases), - 2.5 (rivers), 0 (sediment porewa-

ters), - 2.0 ± 0.5 (upper mantle), - 2.0 ± 1 (conti-

nental crust, detritic sediments), - 12 to - 6 (altered

oceanic crust), - 2.0 (hydrothermal fluids), and - 2.0

(airborne mineral particulates/loess) (Rehkämper et al.

2002; Nielsen et al. 2005, 2006, 2011; Nielsen and

Rehkämper 2011; Owens et al. 2017) (Fig. 4). It is

noteworthy that the e205Tl values of rock-forming

minerals (K-feldspars, micas) and sulfides vary from

- 12.1 ± 0.6 to ? 18.0 ± 1.4 (Rader et al. 2018)

falling within the range of - 20 to ? 15 reported by

Nielsen et al. (2017). According to Howarth et al.

(2018), weathering particularly combined with a

groundwater table interaction induces some fraction-

ation. However, it should be stressed that there are

very few studies currently in most of these areas.

The main scavengers of thallium are ferroman-

ganese nodules, crusts and encrustations that occur on

the floor of oceans at a proximal or remote distance

from hydrothermal vents. Of different Mn oxyhydrox-

ide minerals, only hexagonal birnessite d-MnO2

oxidizes Tl? to Tl3? during adsorption, thus being

enriched in the heavy 205Tl isotope (Peacock and

Moon 2012). Hydrothermal ferromanganese deposits

are characterized by a positive correlation between the

Mn/Fe ratios and e205Tl values. These deposits with

the high Mn/Fe and high e205Tl ratios are generated by

adsorbing thallium from colder and distal hydrother-

mal vents (Rehkämper et al. 2002).

The marine Fe-Mn oxyhydroxide crusts precipitate

very slowly with a rate of 15 cm per 80 million years,

giving an opportunity to trace changes in seawater

chemistry during the Cenozoic (Nielsen et al. 2009).

Measurements of 205Tl/203Tl ratios in oceanic ferro-

manganese crusts recorded no diagenetic overprints or

isotope fractionations with seawater, thus reflecting

the Tl isotope composition of seawater over geologic

time. Rehkämper et al. (2002), Rehkämper and

Nielsen (2004) and Nielsen (2006) reported a system-

atic Tl isotope fractionation between the modern

oceanic water and ferromanganese crusts. Based on

the assumption that oceanic Tl budget remained

unchanged during Cenozoic time, the low 205Tl/203Tl

during the Paleocene (e205Tl = ? 6) may be eluci-

dated by a four-fold higher removal rate of this

Fig. 4 Thallium isotope ratios in geoenvironmental compartments (compiled from Rehkämper et al. 2002; Nielsen et al.

2005, 2006, 2011; Nielsen and Rehkämper 2011; Owens et al. 2017)
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element from seawater via adsorption onto Fe-Mn

oxyhydroxides compared to the present-day oceanic

water, and partly by a low temperature alteration of

oceanic crust (Rehkämper et al. 2002; Rehkämper and

Nielsen 2004; Nielsen et al. 2009). The lower e205Tl

values of Fe-Mn precipitates may also correspond to

the high Tl3?/Tl? ratios (Nielsen et al. 2006, 2009).

This implies that thallium isotope variations in Fe-Mn

crusts may serve as an oceanic paleoenvironmental

proxy recording an extent of oxic marine sediments

and a lack of anoxic (deficit in O2 and H2S) and

euxinic (deficit in O2 and H2S abundance) conditions

(Owens et al. 2017; Bowman et al. 2019; Ostrander

et al. 2019; Fan et al. 2020). The study of Ediacaran

sediments (*580–550 Ma) of the upper Doushantuo

Formation (South China) documented more negative

e205Tl values (–7.8 to - 5.1) than those of modern

global seawater, which was linked to an expansion of

oxic conditions and evolution of Ediacaran biota (Fan

et al. 2020).

Another interesting application of stable thallium

isotopes is an attempt to reconstruct Toarcian (Lower

Jurassic) vs. Late Neogene paleoredox environments

based on Tl3?/Tl? determinations in the early-diage-

netic pyrite (Nielsen et al. 2011). According to these

authors, the heavy 205Tl isotope signature of Late

Neogene pyrite points to ferromanganese concretions

as a principal source of thallium supply whereas

Yorkshire 205Tl-depleted pyrite indicates euxinic

conditions and a lack of Fe-Mn precipitation (Toarcian

Ocean Anoxic Event dated back to *183 Ma).

Results of thallium isotope determinations were

compared by Them II et al. (2018) with other

indicators of paleoredox conditions during the Toar-

cian Ocean Anoxic Event for reconstruction of global

oceanic deoxygenation. It was shown that Tl isotopes

enabled tracking much earlier signals of oxygen

depletion than those obtained with traditional

approaches, i.e. a negative carbon isotope excursions,

an appearance of organic-rich (black shale) facies, and

a decrease in species diversity.

There is a paucity of data for most geologic

environments, outside of marine settings. These data

indicate that there is no isotope fractionation during

leaching of thallium from basalts by submarine

hydrothermal fluids, and additionally point to the

homogenous e205Tl value of the continental crust as

evidenced by isotope analysis of loess (Nielsen et al.

2005, 2006). As opposed to the upper mantle, Mn/Fe-

rich pelagic sediments or a hydrothermally altered

oceanic crust (Nielsen et al. 2006) show higher

concentrations of thallium and distinct fractionations

of its isotopes that range from ? 6 to ? 12 and from

- 12 to - 6, respectively (Nielsen and Rehkämper

2011; Nielsen et al. 2017). Thallium isotope ratios

were also used to assess a contribution of the

subducted low-temperature altered oceanic crust to

the mantle heterogeneity as exemplified by the study

of the HIMU (high U/Pb) mantle domains on the

island of St. Helena in the Atlantic Ocean. The St.

Helena lavas exhibited enrichment in Tl and a

considerable variation of the e205Tl values (- 9.8 to

? 3.9), but most of them were isotopically lighter than

the Tl-depleted (- 2) and more homogenous upper

mantle (Blusztajn and Nielsen 2018).

The thallium isotopes were also used to track

subducted slab components in arc lavas, for example

in the Ryukyu arc and its back-arc basin and the

Okinawa Trough (Shu et al. 2017). Different sediment

types sourced from Japan affected the average e205Tl

isotope values of the Ryukyu arc lavas that varied from

- 1.2 (detrital sediments from the outboard of the

northern section) to ? 4.5 (pelagic sediments from the

outboard of the central section). In contrast, lavas from

the outboard of the south Ryukyu arc with the more

systematic e205Tl of - 2.0 were linked to detrital

material sourced from Taiwan and additionally to

loess from China. In turn, Tl isotope variations in the

Okinawa Trough reflected those in the Ryukyu arc

sections (Shu et al. 2017).

The e205Tl values were also used as a proxy for

redox-controlled geochemical processes that took

place during rock weathering and soil formation

(Vaněk et al. 2020). This study was conducted on

naturally Tl-rich soils developed on Fe-As-Tl miner-

alized dolomites at the locality Erzmatt (Swiss Jura

Mts.). In two examined soil profiles, the horizon-B

was abundant in 205Tl showing the e205Tl value higher

by 7 compared to that of the subjacent bedrock.

Moreover, the exchangeable fraction of this soil

horizon was distinctly enriched in 205Tl than the bulk

sample. This suggests multiphase complex processes

of thallium mobilization, oxidation, immobilization

and remobilization combined with isotope fractiona-

tion between different mineral phases with illite as a

principal scavenger of 205Tl.

Thallium isotopes also found applications in tracing

pollution point-sources and determining
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anthropogenic inputs of this element into different

environmental compartments. However, little is still

known about anthropogenic e205Tl imprints in the

environment versus their geogenic equivalents, and

(bio)geochemical Tl isotope fractionations in soils and

biota (Kersten et al. 2014; Vaněk et al.

2015, 2016, 2018; Grösslova et al. 2018). A pioneer

study of soils contaminated by cement plant emissions

near Lengerich (Germany) showed enrichment in

thallium as a result of using a Tl-rich pyrite roasting

waste. The subsoil showed a typical geogenic e205Tl

signature (roughly - 4), as opposed to the topsoil that

was isotopically heavier (*0) reflecting the e205Tl

value (*0) of pyrite. Moreover, an inverse linear

relationship (R2 = 0.82) was exhibited by a ratio of

e205Tl to 1/total Tl concentration in HF–HNO3-

digested soil samples. This is indicative of binary Tl

mixing between two predominant pools: (i) the

geogenic source with low Tl concentrations (0.1 to

0.2 mg/kg) and an abundance in the light 203Tl isotope

(e205Tl =\- 3.0) and (ii) the anthropogenic source

characterized by higher Tl concentrations (2.5 mg/kg)

and enrichments in the heavy 205Tl isotope (e205Tl =[
- 1.0) (Kersten et al. 2014). This Tl isotope study also

included a Tl-rich sulfide mineralization zone in

Lanmuchang mine district, Guizhou Province (China),

exhibiting a significant dispersion of the e205Tl values

between topsoil (roughly 0.4) and green cabbage

Brassica oleracea L. var. capitata L. (range of - 5.4

to - 2.5), which may be elucidated by anthropogenic

Tl inputs (Kersten et al. 2014).

However, it should be stressed that the e205Tl ratios

do not always give a basis for unambiguous interpre-

tation, for instance, the more recent study showed

considerable Tl isotope fractionation during smelting

of pyrite ore for sulfuric acid production (Liu et al.

2020). The raw material and four processing wastes

revealed the following e205Tl values: pyrite ore ?

1.28, electrostatic precipitation fly ash - 1.10,

cyclone fly ash ? 2.17, boiler fly ash ? 8.34 and

fluidized-bed furnace slag ? 16.24. These large vari-

ations in Tl isotope composition may be brought about

by both Rayleigh fractionation and adsorption.

The study of moderately contaminated forest and

meadow soils in the area of lignite mining and coal-

fired power plants at the Czech-Germany-Poland

border revealed at least partial Tl isotope fractiona-

tions between different media (e205Tl values in

parentheses): volatile Tl fractions (range of - 10.3

to- 6.2), fly ash (range of- 2.8 to- 2.5), bottom ash

(*0) and soils (? 0.4) (Vaněk et al. 2016). In another

study conducted near the Bolesław Zn smelter (Sile-

sia-Cracow district, southern Poland), Vanĕk et al.

(2018) exhibited small variations of the e205Tl values

in contaminated soils (with over 50 mg/kg Tl) and

various industrial wastes. Fly ash was isotopically

lighter (- 4.1) than local Zn sulfide ores (- 3.8), post-

flotation Zn–Fe residue (- 3.9) or slags (- 3.3), and

this isotope signature was well-preserved in contam-

inated topsoil (up to - 3.8), despite the fact that peak

pollution ended in the 1980s. Moreover, subsoil

showed depletion in the light isotope with the e205Tl

signature ranging from - 2.7 to ? 0.4.

The 205Tl/203Tl ratios were also used to trace an

impact of flotation tailings dam with predominant

sphalerite and pyrite on the desert soils of southern

Namibia (Rosh Pinah) contaminated with thallium up

to 7.6 mg/kg (Grösslova et al. 2018). The e205Tl

values of these soils varied from - 0.4 to ? 3.8

exhibiting a positive correlation coefficient (0.62) with

reciprocal Tl concentrations (1/Tl), which is indicative

of both anthropogenic (e205Tl = *?3.6) and geogenic

(e205Tl = *0) inputs. The former value dominated in

topsoil fingerprinting the e205Tl ratio of flotation

tailings wastes (range of ? 1 to ? 3.8). This is also

evidenced by distinct enrichment of Tl in topsoil (0.9

to 7.6 mg/kg) in relation to subsoil (0.7 mg/kg).

Rader et al. (2019) showed that Brassica juncea

(Indian mustard) fractionates Tl during its growth.

Thallium was initially taken into the stem at an equal

rate of 203Tl and 205Tl, but then the stem was depleted

in 203Tl over time as new plant parts grew. This

resulted in 205Tl-rich stem (? 2.5) and 203Tl-rich

young plant parts (- 2.5 to ? 0.1). The light isotope
203Tl undergoes easier transport to above-ground

organs giving a similarity to Tl and K and a movement

within the xylem.

5 Conclusions

Many case studies of thallium characteristics, occur-

rences and fate, including geologic mapping and

bioindication, have generally shown no detrimental

impact of this metal on the environment and human

beings. The content of thallium in living organisms is

usually low and is influenced by the geochemical and

mineralogical nature of their habitat that in turn
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correlates with the geologic makeup of the Earth’s

crust. Bioavailability of this element is preceded by

mineral and physicochemical speciation in waters,

sediments, and soils. The only exception to this rule is

some historical and recent mining and industrial areas

where Tl concentrations typically exceed permissible

regulatory levels for drinking waters and cultivable

soils. Of these areas, AMD sites are the most

hazardous to abiotic and biotic systems due to

generation of acidic products of Tl-pyrite oxidation

that react with other Tl-rich sulfide and gangue

minerals releasing this metal to the environment.

The presence of thallium in mine waters, sediments,

soils and tailings is considered a hidden geoenviron-

mental health hazard because thallium is both non-

essential and highly toxic to humans. This is the reason

why the occurrence of different Tl species and their

fate under variable redox conditions should be further

investigated in these extreme environments, the more

so as thallium is typically associated with other

potentially toxic elements, including As, Cd, Hg, Pb

and Sb.

Besides, still little is known about the behavior of

secondary Tl-bearing minerals (e.g., illite, vermi-

culite, jarosite, Fe-Mn oxyhydroxides) and organic

matter in controlling thallium solubility and mobility

under different physicochemical conditions. There is

some uncertainty surrounding this issue and many

questions remain unsolved. Further research should

enable us to better understand and assess a role of these

natural sorbents in immobilization of thallium, espe-

cially in geochemically and mineralogically complex

media like rock wastes and soils. This issue is closely

linked to an impact of thallium on biota and humans in

mineralized, mining, post-mining or other anthro-

pogenically-impacted areas.

Future studies of cultivable plants growing within

metal sulfide and coal mining areas should be

conducted in many geochemical and mineralogical

aspects, including release (geoavailability), weather-

ing, transport, mobility, deposition and remobilization

of thallium as well as mineral and physicochemical

speciation preceding bioavailability. These should

also involve the search for specific plant species

showing enormous thallium-binding capacity. Some

of them may be used in post-mining and derelict land-

reclamation without soil stripping.

There are growing studies involving determinations

of stable Tl isotope ratios in different geologic and

environmental materials, including minerals, rocks,

soils, sediments, plants and mining and processing

wastes. However, results obtained are not always

straightforward and are often complex and obscured

due to the lack of a broad Tl isotope database as

opposed to the stable C, O, S isotope databases that

have been compiled for decades. The stable Tl isotope

signatures of manganese concretions and crusts, and

pyrite have been used for studying recent and past

geologic processes and served as proxies for recon-

struction of marine and terrestrial paleoenvironments.

The best example of this application is reconstruction

of Toarcian (Early Jurassic) Ocean Anoxic Event

associated with volcanism, carbon burial, and species

mass extinction. This opens new perspectives for

studying oxic, anoxic and euxinic conditions of

sedimentary basins in different geologic epochs.

Determinations of thallium concentrations and
203Tl/205Tl ratios, in geologic and environmental

settings, have enabled fingerprinting different point-

source emissions to evaluate relative source strengths,

and to better understand spatial and temporal Tl

distribution patterns and geochemical interactions

under different physicochemical and biotic conditions.

However, a study by Liu et al. (2020) indicated that

there might be some implications for fingerprinting

some industrial point-source emissions especially

when the 205Tl/203Tl ratios of processing wastes are

dramatically different from those of primary raw

materials. Besides, there are still very few studies on

Tl isotope fractionation during weathering, soil for-

mation, soil–plant interactions and Tl translocation in

plant species under variable environmental and bio-

logical factors.
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Håkanson L (1980) An ecological risk index for aquatic

pollution control. A sedimentological approach.

Water Res 14:975–1001. https://doi.org/10.1016/0043-

1354(80)90143-8

He Y, Men B, Yang X, Wang D (2015) Bioturbation/bioirri-

gation effect on thallium released from reservoir sediment

by different organism types. Sci Total Environ

532:617–624. https://doi.org/10.1016/j.scitotenv.2015.06.

075

Heim M, Wappelhorst O, Markert B (2002) Thallium in

terrestrial environments–occurrence and effects. Ecotoxi-

cology 11:369–377. https://doi.org/10.1023/A:

1020513523462

123

Rev Environ Sci Biotechnol (2021) 20:5–30 25

https://doi.org/10.1080/03067319608026261
https://doi.org/10.1080/03067319608026261
https://doi.org/10.1007/s12665-010-0874-y
https://doi.org/10.1007/s12665-010-0874-y
https://doi.org/10.1016/j.envpol.2018.02.031
https://doi.org/10.1016/j.gexplo.2019.106434
https://doi.org/10.1016/j.gexplo.2019.106434
https://doi.org/10.1007/s10230-015-0349-1
https://doi.org/10.2138/am-2016-5603
https://doi.org/10.1016/j.fsir.2020.100102
https://doi.org/10.1016/j.fsir.2020.100102
https://doi.org/10.1016/j.gexplo.2011.07.009
https://doi.org/10.1016/j.gexplo.2011.07.009
https://doi.org/10.1006/eesa.1998.1660
https://doi.org/10.1006/eesa.1998.1660
https://doi.org/10.1111/gbi.12379
https://doi.org/10.1007/s11270-016-3027-4
https://doi.org/10.1007/s11270-016-3027-4
https://doi.org/10.1016/0883-2927(92)90012-R
https://doi.org/10.1016/0883-2927(92)90012-R
https://doi.org/10.1016/j.scitotenv.2006.11.047
https://doi.org/10.1016/j.scitotenv.2006.11.047
https://doi.org/10.1515/mipo-2016-0002
https://doi.org/10.1515/mipo-2016-0002
https://doi.org/10.1016/j.scitotenv.2015.07.033
https://doi.org/10.1016/j.scitotenv.2015.07.033
https://doi.org/10.1016/j.apgeochem.2008.11.016
https://doi.org/10.1016/j.apgeochem.2008.11.016
https://doi.org/10.1016/j.gca.2017.04.033
https://doi.org/10.1016/S0048-9697(99)00372-1
https://doi.org/10.1016/j.envpol.2018.04.006
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/j.scitotenv.2015.06.075
https://doi.org/10.1016/j.scitotenv.2015.06.075
https://doi.org/10.1023/A:1020513523462
https://doi.org/10.1023/A:1020513523462


Herrmann J, Voegelin A, Palatinus L, Mandold S, Majzlan J

(2018) Secondary Fe-As-Tl mineralization in soils near

Buus in the Swiss Jura Mountains. Eur J Mineral

30:887–898. https://doi.org/10.1127/ejm/2018/0030-2766

Hettmann K, Marks MAW, Kreissig K, Zack T, Wenzel T,

Rehkämper, Jacob DE, Markl G (2014) The geochemistry

of Tl and its isotopes during magmatic and hydrothermal

processes: the peralkaline Ilimaussaq complex, southwest

Greenland. Chem Geol 366:1–13. https://doi.org/10.1016/

j.chemgeo.2013.12.004
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Kicińska A (2009) Arsenic and thallium in soils and plants of the
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I, Vaněčková B, Pavlů L, Ash C (2015) Thallium con-

tamination of soils/vegetation as affected by sphalerite

weathering: a model rhizospheric experiment. J Hazard

Mater 283:148–156. https://doi.org/10.1016/j.jhazmat.

2014.09.018
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