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Thallium is a highly poisonous heavy metal. Since Tl pollution control has been neglected worldwide until the
present, countless T1 pollutants have been discharged into the environment, endangering the safety of drinking
water, farmland soil, and food chain, and eventually posing a great threat to human health. However, the source,
occurrence, pathway and fate of Tl in the environment remains understudied. As Tl in non-contaminated systems
and from anthropogenic origin exhibits generally different isotopic signatures, which can provide fingerprint
information and a novel way for tracing the anthropogenic Tl sources and understanding the environmental
processes. This review summarizes: (i) the state-of-the-art development in highly-precise determination
analytical method of Tl isotopic compositions, (ii) Tl isotopic fractionation induced by the low-temperature
surface biogeochemical process, (iii) Tl isotopic signature of pollutants derived from anthropogenic activities
and isotopic fractionation mechanism of Tl related to the high-temperature industrial activities, and (iv)
application of Tl isotopic composition as a new tracer emerging tracer for source apportionment of Tl pollution.
Finally, the limitations and possible future research about Tl isotopic application in environmental contamina-
tion is also proposed: (1) Tl fractionation mechanism in different environmental geochemistry processes and
industrial activities should be further probed comprehensively; (2) Tl isotopes for source apportionment should
be further applied in other different high Tl-contaminated scenarios (e.g., agricultural systems, water/sediment,
and atmosphere).

1. Introduction etal., 2021; Wang et al., 2021; Wei et al., 2020). T1 primarily exists as Tl

(D), whereas TI(III) merely occurs in extreme oxidation and acidic

Elevated concentrations of toxic metal(loid)s arising from anthro-
pogenic activities, threatening the quality of ecosystem and health of
living beings, always draw considerable attention (Hou et al., 2020; Xiao
et al., 2021; Yin et al., 2019). Thallium (T1) is an exceedingly acute and
non-essential element for all organisms, including humans (Rickwood
et al. 2015; Voegelin et al., 2015; Wang et al., 2020; Genchi et al., 2021),
and a TI lethal dose for an adult human is only 8-10 mg/kg (Genchi

* Corresponding author.
E-mail address: liujuan858585@163.com (J. Liu).

https://doi.org/10.1016/j.envint.2022.107148

environment (Karbowska, 2016; Wick et al., 2020). The extreme toxicity
of Tl-based compounds is primarily induced by the high similarity be-
tween TI(I) and K() ions that lead to the disorder of K(I) associated
metabolic processes due to Tl interference (Wojtkowiak et al. 2016;
Maya-Lo Pez et al., 2018; Zhang and Rickaby, 2020). It can induce
gastrointestinal disease, dysfunction, nervous system disorder, nervous
system, vital organs (e.g., kidneys, livers) damage, internal bleeding
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symptoms, and even death (Genchi et al., 2021; Osorio-Rico et al., 2017;
Wang et al., 2020; Viraraghavan and Srinivasan, 2011). Hitherto, many
countries (e.g., China, Russia, Australia, Europe and USA) have already
listed Tl as a priority pollutant for control (USEPA, 2014; Coup and
Swedlund, 2015; Cobelo-Garcia et al., 2015; Belzile and Chen, 2017).

The natural abundance of Tl is generally low (She et al., 2022), but it
can be enriched in various types of sulfide minerals, coal and K-silicate
rocks, owing to its peculiar properties of both chalcophile and lithophile
(Rader et al., 2018; Liu et al., 2019; Zhuang et al., 2021). Although the
intended TI global production only approximates 10 t/y, which is uti-
lized in many different industrial manufacturing such as antifriction
alloys, low-freezing alloys, photocells, low-melting special glasses,
high-temperature superconductor materials and low-temperature ther-
mometers (Karbowska 2016; Belzile and Chen 2017; Migaszewski and
Gatuszka, 2021) and also utilized in medical area such as cardiovascular
imaging for heart diseases and different cancer detections (USGS, 2019;
Migaszewski and Gatuszka, 2021). However, Tl is released into the
environment at 2000-5000 t/y as a by-product through various
anthropogenic processes, such as Tl-rich sulfide ore/coal mining and
other industrial activities using Tl-bearing minerals (e.g., metal smelt-
ing, sulfuric acid production, coal combustion, cement manufacturing)
(Liu et al., 2020; Wang et al., 2020; Yin et al., 2021; Zhou et al., 2020;
Wang et al., 2022), waste incineration, photocells, and antifriction al-
loys (Liu et al., 2016; Caritat and Reimann 2017; D’Orazio et al., 2020;
Jiang et al., 2021).

Pertinent studies have investigated TI distribution, enrichment, and
environmental risks in different specific sites/areas during the last
several decades (e.g., Liu et al., 2019; Rinklebe et al., 2020; Zhuang
etal., 2021; Migaszewski and Gatuszka, 2021; Genchi et al., 2021). Even
though Tl is considered as more poisonous to humans relative to Pb, Cd,
Hg, Cu and Zn (Sinicropi et al., 2010; Carocci et al., 2014; Genchi et al.,
2021). But the source, occurrence, pathway and fate of Tl, critical for Tl
pollution control and prevention, remains largely unknown, when
compared with other metals (e.g., Pb, Cd, Hg, Cu and Zn) well-studied.
Traditionally statistical methods such as principal component analysis,
cluster analysis, enrichment factors and geo-accumulation index cannot
clearly speculate detailed source and quantify the contributions from
every contamination source (Sun et al., 2018; Mirza et al., 2019). Iso-
topic fingerprint information offers precise proxies that can be employed
to identify the contamination sources of heavy metals (Liu et al., 2020;
Wang et al., 2021; Wei et al., 2020; Weiss et al., 2008; Wiederhold,
2015; Zeng and Han, 2020) or other types of pollutants (Liu and Han,
2021; Samantaray and Sanyal, 2022; Shen et al., 2021; Xiao et al.,
2022). It has been demonstrated that Tl isotopic compositions can be
utilized to determine the source apportionment and environmental
processes (e.g., Kersten et al., 2014; Liu et al., 2022; Vanek et al., 2016,
2021; Vejvodova et al., 2020). For examples, contaminated soil and
sediment have recorded the TI isotopic signature of Tl emissions from
industrial pollutants near cement plant, Zn/Pb-smelter or coal-fired
power plant, which evidently exhibited different Tl isotopic composi-
tion, as compared to natural background, providing fingerprint infor-
mation for source tracing (Kersten et al., 2014; Vanek et al., 2016; 2018;
Vanek et al., 2021; Liu et al., 2022).

This review herein summarizes the state-of-the-art development in
(1) highly-precise determination analytical method of Tl isotopic com-
positions, (2) Tl isotopic fractionation induced by surface biogeochem-
ical process, (3) Tl isotopic signature of pollutants derived from
anthropogenic activities and (4) application of Tl isotopic compositions
as a new emerging tracer for source apportionment of T1 pollution.

2. Tl isotopic analysis
2.1. Chromatographic separation

It is necessary to purify Tl from the various samples with complex
matrix for high-precise Tl isotopic measurements (Rehkamper and
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Halliday, 1999; Nielsen et al. 2004, 2017a,b; Baker et al., 2009). A two-
column separation procedure with AG1-X8 (200-400 mesh) resin was
for the first time established for Tl isotopic determination from
geological materials by Rehkamper and Halliday (1999). The first col-
umn was used to remove the most matrix, while Tl was further purified
and reduced the residual sulfuric acid present by a second column. The
key for this procedure is that TI(III) generates strong anionic complexes
with the halogens (either CI™ or Br™) and has a strong distribution ca-
pacity in AG1-X8 resin, while TI(I) does not chelate with the halogens
(either C1™ or Br) and has very low distribution capacity in AG1-X8
resin (Nielsen et al., 2011, 2017a,b). Overall, there are three impor-
tant steps for separation of Tl: 1) ensuring the complete conversion of all
TI(D) into TI(III) before loading samples, 2) maintaining T1(III) valence in
the resin bed during eluting the matrix, and 3) converting TI(III) into T1
(I) valence while collecting the Tl fraction. Based on the two-step
chromatography developed by Rehkamper and Halliday. (1999), some
steps were adjusted slightly for separating Tl from water samples by
Nielsen et al. (2004) and for separating Tl and Cd from geological ma-
terials simultaneously by Baker et al. (2009). These optimized proced-
ures can overall remove the matrix elements.

Taken all together, to avoid isotopic fractionation and matrix effect
in instrumental measurement, Tl needs to be completely separated from
the matrix elements with ~100% yield during the ion-exchange chem-
istry procedure (Rehkamper and Halliday, 1999; Nielsen et al. 2004;
Baker et al. 2009). These separation methods can separate enough pure
T1 for the accurate and precise analysis of Tl isotopic data. However, the
whole separation procedure is time-consuming, which requires several
types of acid (e.g., HCl, HBr, and HNO3) and consumes large elution
volumes. Thus, a more efficient and environment-friendly Tl chemical
separation procedure needs to be developed in the near future.

2.2. Mass spectrometry

Thallium has two natural isotopes (?3T1 and 2°°T1) (Rehkamper and
Nielsen, 2004). Tl isotopes was first measured in Thermal Ionization
Mass Spectrometry (TIMS) with large instrumental mass bias, which
made it difficult to distinguish the Tl isotopic fractionation between the
standard and samples (Ostic et al., 1969). This limited the application of
Tl stable isotope during past decades (Chen and Wasser-burg, 1994).

The first accurate determination of Tl isotopic compositions was
achieved by Rehkamper and Halliday (1999), with the advent of Multi-
Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS)
at the beginning of the 1990s (Walder and Freedman, 1992). They
measured TI isotopic compositions in different geological materials and
meteorites, and the accuracy of Tl isotopic compositions reached
0.1-0.2%o, which was 3-4 times better than the best data measured by
TIMS (Rehkamper and Halliday, 1999). The external accuracy was
further improved to 0.1 during analyzing seawater and river samples
with lower Tl contents (Nielsen et al., 2004). The precision of Tl isotopic
determination for natural samples, instrument, instrumental mass bias
and standard solution in different laboratories are summarized in
Table S1. The precision of Tl isotopic determination for natural samples
and Aldrich TI solution are generally better than 0.09 and 0.08,
respectively in the past decade (Table S1). Tl isotopic instrumental mass
fractionation on MC-ICP-MS is generally corrected by the combination
of standard sample bracketing and Pb external normalization, which can
correct instrumental mass fractionation and instrumental drift simulta-
neously (Rehkamper and Halliday, 1999; Nielsen et al., 2012, 2017a,b;
Baker et al., 2009). All laboratories adopt NIST SRM 997 Tl as the
reference material (2°°Tlyist srv 997 = 0) for Tl isotopes. Here, Tl iso-
topic data is expressed as follows:

82”5 Tl = [( 205 Tl/ 203 Tl) Samp]e/( 205 Tl/ 203 Tl) 1 :I x 104 (1)

NISTSRM997

Additionally, the £2°°T1 value of commonly used reference materials
is compiled in Table S2. NOD-A-1 (Ferromanganese nodule) has the
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heaviest £2°°Tl values with an average of 11.11 + 0.29 (2SD, n = 18),
which is related to the TI(I) oxidative adsorption (Rehkamper et al.,
2002; Rehkamper and Nielsen, 2004; Nielsen et al., 2013; Wick et al.,
2019). While INCT-TI-1 (Tea leaves) has the lightest £295T] values with
an average of —6.21 + 0.90 (2SD, n = 6), likely indicating the prefer-
ential uptake of lighter Tl from soil (Vanek et al., 2019). All reference
materials exhibit a total isotopic variability of larger than 17 £2°>Tl-units
(Table S2), which may demonstrate the potential of Tl isotopic appli-
cation in geo-environment. Reference materials including AGV-2 (-2.92
=+ 0.43; 2SD, n = 57), BCR-2 (-2.4 £ 0.31; 2SD, n = 44), BHVO-2 (-1.58
+ 0.40; 2SD, n = 19), SCo-1 (-2.50 + 0.33; 2SD, n = 2), 14P (-2.0 + 0. 5;
2SD, n = 10), AL-I (-1.5 £ 0.2; 2SD, n = 5), AN-G (-2.7 = 0.4; 2SD, n =
3), COQ-1 (-2.3 £ 0.5; 2SD, n = 5), GSP-2 (-2.5 £ 0.6; 2SD, n = 9), ISH-G
(-1.5+0.5; 2SD, n =9), STM-1 (-2.0 + 1.1; 2SD, n = 10) show similar T1
isotopic signature with bulk continental crust characterized by
8205T1C0NTCRUST = -2.0 + 1.0 (Anbar and Rouxel, 2007; Nilsen et al.,
2005, 2017a,b).

3. Tl isotopic fractionation induced by the surface
biogeochemical process

Metal isotopic fractionations potentially induced by post-release
geological and biological processes (e.g., adsorption, complexation, in-
teractions with plants) are called black-box isotope fractionation, which
may alter the source information, thereby complicating isotope tracing
(Komadrek et al., 2021). Determining and understanding whether there is
a Tl isotope fractionation black box or not is essential for isotope tracing
in the environment. The magnitude of Tl isotopic fractionation in the
various geo-environmental processes such as weathering, biological
activities, adsorption and complexion processes may be different, and
will be separately discussed according to previous experimental or
natural investigation in the following.

3.1. Weathering process

Continental weathering process can lead to Tl migration and transfer
in the environment, which may induce TI isotopic fractionation. To
evaluate whether there was Tl isotopic fractionation in weathering
processes, waters, estuarine waters and suspended riverine particulates
from different river were collected and analyzed (Nielsen et al., 2005). It
was observed that dissolved riverine Tl (€2°°Tlye = -2.5 + 1) and par-
ticulate matter TI (¢2*°Tl,ye = -2.0 & 0.5) for many major/minor rivers
exhibited identical Tl isotopic composition with continental crust
(2% Tl,ye = -2.0 + 0.5), suggesting nil Tl isotopic fractionation during
the weathering process. Howarth et al. (2018) revealed that weathering
processes in red soil profiles can produce detectable T1 isotopic frac-
tionation (1 ~ 2 szosTl), likely due to Tl oxidative sorption and solution
of mineralogy, where the highly reactive MnOs played the most
important role (Wick et al., 2019; Nielsen et al., 2013). Additionally, the
release of Tl from clay minerals may not cause TI isotopic fractionation
due to only occurrence of cation exchange without oxidation (Schauble,
2007; Martin et al., 2018; Wick et al., 2018, 2020). Negligible Tl isotopic
fractionation may also occur during the weathering from sulfide min-
erals into pedogenic clay associated with only non-oxidative TI(I)
transfer (Vanek et al., 2020; Nielsen et al., 2017a,b; Schauble, 2007).

3.2. Biological activities

Biological activities also contribute to the transfer of Tl in the envi-
ronment. Natural cabbages (e2%°Tl~ —5.4- —2.5) were enriched in
lighter TI isotopes relative to its grown soil (¢2°°T1~0.4), indicating
preferential uptake of lighter 203T] from soil (Kersten et al., 2014).
Analogously, Vanek et al. (2019) found that white mustard (£2%°TI~
—4.4- —3.0) were isotopically lighter than its hydroponic media
(€2%5Tl~ —2.7— —2.1), and white mustard growing with lower Tl con-
centration could produce a greater magnitude of Tl isotope
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fractionation. Additionally, in an Indian mustard-soil system, the early
formed stems (8205Tl = 2.5) were systematically heavier than in plant
parts formed later (e.g., leaves, flowers, seeds pods) €2%Tl= —2.5t0+
0.1) (Rader et al., 2019). For these two experiments, white mustard
grown in nutrient solutions and Indian mustard grown in soil both dis-
played regular plant-selective Tl isotopic fractionation behavior, in
which lighter T1 was preferentially carried from soil/solution into roots,
then stems and leaves, resulting in a depletion of T1 isotopic composition
along the plant uptake paths (from roots to leaves) (Figure S1) (Vanek
et al., 2019; Rader et al., 2019). These TI isotopic fractionation behav-
iors (in white mustard and Indian mustard) may likely be some specific
reactions (e.g., replacement of K(I) by TI(I)), Tl transfers and TI speci-
ation (Rader et al., 2019; Vanek et al., 2019).

3.3. Tl adsorption and complexation

Due to bearing high and wide abundance, relative stability than
other minerals, and high affinity of TI(I), micaceous clay minerals such
as illite and smectite are significant Tl adsorbent in soils and sediments
(Wick et al., 2018, 2019; Martin et al., 2018). The adsorption of TI(I)
onto illite in different conditions can be described using a 3-site cation
exchange model (Wick et al., 2018). Similarly, Martin et al. (2018)
found that illite exhibited higher TI affinity than smectite, and a multi-
site ion exchanger model can be used to explain the adsorption behavior
of TI(I) onto illite and smectite. Additionally, only TI(I) was found for
adsorbed TI onto illite and/or smectite by XANES spectra (Wick et al.,
2018, 2020; Martin et al., 2018). Therefore, TI(I) sorption onto clay
minerals (e.g., illite and smectite) was propelled by exchange reactions
and without oxidation of TI(I) occurred, and no significant Tl isotopic
fractionation was observed during these adsorption processes (Wick
et al., 2018, 2020; Martin et al., 2018).

Manganese oxides (MnOjs) exhibit generally higher sorption capacity
and affinity of Tl compared to the micaceous clay minerals, and both Tl
(I11) and T1(I) sorption on MnOg have been observed (Peacock and Moon,
2012; Nielsen et al., 2013; Wick et al., 2019). Pertinent studies have
shown that only T1(III) was found in hexagonal birnessite and §-MnO; by
oxidative adsorption of T1(I), whereas T1(I) was adsorbed on other types
of MnOs (e.g., HEPES-5-MnO,, Fe(I)-5-MnO,, triclinic birnessite,
todorokite, cryptomelane) and ferrihydrite with T1(I) adsorption directly
(Bidoglio et al., 1993; Peacock and Moon, 2012; Wick et al., 2019). The
adsorbed Tl on hexagonal birnessite was always isotopically heavier
than aqueous Tl (8205Tlsolid_liquid = 2.1-14.5) in different adsorption
conditions (Nielsen et al., 2013, Fig. 1). A strong negative correlation
(R2 = 0.993) between contents of adsorbed T1 and magnitude of isotopic
fractionation was also observed, possibly due to two diverse adsorption
sites: (i) vacancy sites with isotopically fractionated TI and (ii) unknown
sorption sites with slightly fractionated Tl (Nielsen et al., 2013). The
isotopic fractionation between TI(I) and TI(III) is largely ascribed to the
nuclear volume effect of Tl, with the heavier 2°°Tl isotope preferably
enriched in TI(III) (Schauble, 2007). The highly reactive MnOg (e.g.,
hexagonal birnessite and 5-MnO,) can oxidize most TI(I) into TI(III),
followed by adsorbing them into vacancy sites with isotopically frac-
tionated Tl in a certain range of Tl/Mn loading (Nielsen et al., 2013;
Wick et al., 2019). However, with the increased loading of Tl/Mn, the
oxidative TI(III) uptake may be constrained by the enlarging of Mn
reduction (Mn(IV) to Mn(III)) and declines in redox reactivity of MnOs,
resulting in a direct TI(I) adsorption into remaining sites with no frac-
tionated TI (Wick et al., 2019).

As displayed in Fig. 2, Tl isotopes can also provide new insight into Tl
biogeochemical cycle in the soil profile. For two natural Tl-rich soil
profiles (Erzmatt, Swiss), Tl isotopic composition of bottom C horizons
(£2%5T] = 0.8-2.6) increased gradually to the uppermost Bw horizons
(20571 = 8.7), then decreased to the overlying O horizons (€2%5T1 = 2.5)
(Vanek et al., 2020). The isotopic shift in soil profiles may be related to
cyclic Tl mobilization and immobilization processes throughout
parental rock weathering and subsequent soil formation (Fig. 2).
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Transfer processes of Tl in soil profile may involve: (i) MnOs adsorb and
oxidize TI(I) into TI(III), leading to the enrichment of heavier 205Tl, and
(ii) the TI(IlI)-containing MnOs are weathered gradually, in which the
isotopically lighter TI(I) can mobilize into deeper horizons, and the
isotopically heavier TI(III) and/or partial T1(I) can remobilize into other
phases (mainly illite) related to subsequent soil formation (Fig. 2).
Similarly, a good relationship (R? = 0.6) between the soil MnOs con-
centration (oxalate-extractable data) and Tl isotopic fractionation de-
gree, and a peak Mn and/or Fe concentrations at the Ah/Bw horizon
interface (oxalate-extractable data) can be found in a Tl-rich natural soil
profile (Kluky, Czech Republic) (Vejvodova et al., 2020). In addition, the
oxalate extract data (¢2°°T] = 14.4) or the total digested data (%°5T1 =
8.17) for MnOs nodules sample exhibited an evident Tl isotopic frac-
tionation compared with soil clay &2°T1 = 4.57) (Vejvodova et al.,
2020). Similar to the TI fractionation behaviour observed in Vanek et al.
(2020), the TI isotopic variation in this studied soil profile may also
primarily be controlled by the oxidative Tl uptake of MnOs and then
alteration of soil Tl-bearing MnOs induced by pedogenesis (Vejvodova
et al., 2020; Fig. 2).

4. Tl isotopic signatures derived from anthropogenic activities
4.1. The ¢%9°Tl signatures of different metallic sulfide ores

Thallium isotopic signatures in metallic sulfide ores are summarized
in Fig. 3. The 2°°T1 values of diagenetic pyrite deposited under oxic
water and pyrite formed during oceanic anoxia ranged from —5.4 to 6.4
and —7.8 to 1.9, respectively (Nielsen et al., 2011). The €295T1 values of
chalcopyrite from global localities was measured to be —1.0 ~ 17.8,
while those of galena from Australia averaged at 4.4 + 0.7 (Rader et al.,
2018). Pyrite ore (for producing sulfuric acid) from Germany
(62%Tlpyrite = -0.36 £ 0.55) and China (e*®Tlyysite = 1.28 =+ 0.2), coal
pyrite (for coal burning) from Czech Republic (e OsTlpyrite =-5.54+0.7)
exhibit remarked isotopic difference (Kersten et al., 2014; Vanék et al.,
2016; Liu et al., 2020). Zinc ore (-3.76 + 0.7) and post-flotation Zn-Fe
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residue (-3.89 + 0.7) from Zn smelter (Poland) exhibit similar £2°°T1
value, suggesting no Tl isotopic fractionation during ore flotation
(Vanék et al., 2018), while Pb-Zn ore (-1.0 & 0.17) from Pb-Zn smelter
(China) yielded a heavier £205T] value (Zhou et al., 2021). Zinc ore
(-4.20 + 0.7) and post-flotation of mixed Pb-Zn ore (-4.40 + 0.7) from
Olkusz mine yielded identical TI isotopic compositions (Vanék et al.,
2021). Post-flotation wastes of Pb-Zn ore from Namibia mine were in the
range of 3.6-14.6 (Grosslova et al., 2018). Overall, raw sulfide minerals
(e.g., Zn ore, pyrite) from various mines are characterized by different Tl
isotopic signatures, most possibly owing to the formation and/or post-
alteration of raw ore. Therefore, Tl-bearing pollutants from industries
related to these raw materials can also exhibit various Tl isotopic
signatures.

4.2. Tl isotopic fractionation in high-temperature industrial processes

High-temperature industrial activities that employed sulfide ores or
coal as raw materials are significant sources of Tl for the environment.
Owing to highly volatile properties, Tl and Tl compounds are easily
evaporated into the vapor phase during high-temperature processes
(Chen et al.,, 2013; Antén et al.,, 2013; Liu et al., 2020). Thus, a
comprehensive evaluation of Tl isotopic fractionation in these industries
is indispensable for source tracking of Tl contamination. Tl isotopic
signatures of raw materials and waste materials from different high-
temperature industrial activities are compiled in Figure S2.

In a coal-fired power plant, Prague, the bottom ash (¢2°°Tl, = -0.16
+0.7, 8205TIB = 0.23 + 0.7) of both energy sources (A and B zone) have
heavier isotopic signature than fly ash (2°°Tl, = -2.50 + 0.7, £2%°Tlp =
-2.82 + 0.7) (Figure S2, Fig. 4a) (Vanék et al., 2016). Approximately
83% of Tl were evaporated from coal pyrite into gaseous T, and the Tl
volatile fractions exhibited isotopically lighter Tl (¢2°°T1 = -10.3 + 0.7
~ -6.16 £ 0.7) than initial coal pyrite (8205Tl = -5.54 + 0.7) (Vanék
et al., 2016). Slag, bottom ash, fly ash, and pyrite ore from the sulfuric
acid factory also displayed similar Tl isotopic fractionation behavior (Liu
et al., 2020). As showed in Fig. 4b and Figure S2, slag (¢2°°T] = 16.24
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Fig. 4. Tl isotopic Fractionation during evaporation and condensation in industry, a) a coal-fired power plant; b) a sulfuric acid factory.

+ 0.2, [T]] = 28.0 £+ 1.1 mg/kg) from fluidized-bed furnace and sub-
sequent boiler fly ash (€%%5T1 = 8.34 + 0.2, [T1] = 36.9 + 1.8 mg/kg),
cyclone fly ash (8205T1 =217 + 0.2, [T]] = 39.6 £ 1.6 mg/kg) and
electrostatic precipitator fly ash €205T1 =-1.10 + 0.2, [TI] =75.0 + 3.6
mg/kg) displayed a significant Tl isotopic fractionation.

Similarly, the slag (2Tl = -3.3 + 0.7), local Zn ore (€2%°T1 = -3.76
+ 0.7) and fly ash (€2%5Tl = -4.1 + 0.7) from Boleslaw Zn smelter,
Poland showed identical Tl isotopic fractionation pattern (Figure S2)
(Vanék et al., 2018, 2021). The final refinement waste exhibited the
lowest ¢2°°T1 value (-4.77 + 0.7), which may be impacted by the
extraction of volatile lighter Tl and then co-precipitation with newly-
formed (secondary) waste. Granulated waste generated from diverse
stages of Zn hydrometallurgical processes was characterized by identical
Tl isotopic signatures within the uncertainty of Zn ore. In addition, Tl
isotopic fractionation behavior among clinker, electrostatic precipitator
dust (¢2°°T1 = -2.03 + 0.14) and electrostatic precipitator dust (€295T1 =
-2.03 + 0.14) from a Pb-Zn smelter, China (Zhou et al., 2021) was
similar to those in the Zn smelter (Vanék et al., 2018, 2021). Obvious
205T] enrichment in clinker (produced in the blast furnace) was mainly
induced by the volatilization of lighter T1 preferentially. Acid sludge
(€2%°Tl = -4.62 + 0.76) from the production of H3SO4 and lime
neutralizing slag (¢2°°T1 = -2.36 + 0.18) from precipitation of dedusting
wastewater both were featured by lighter Tl isotopic composition, which
likely captured very light volatile T1 and then co-precipitated into sludge
or neutralizing slag.

Tl isotopic fractionation in high-temperature industrial activities (e.
g., coal combustion, Pb/Zn smelting, and pyrite smelting) mainly
incorporate two processes: evaporation and condensation (Vanék et al.,
2016, 2018; Liu et al., 2020; Zhou et al., 2021). Similar metal isotopic
fractionation patterns such as Cd and Zn isotopes are also observed,
which are related to evaporation and condensation processes (e.g.,
Gonzalez and Weiss, 2015; Fouskas et al., 2018; Zhong et al., 2021). In
the high-temperature furnace, the heavier Tl isotopes are retained in the

solid residual (e.g., slag or bottom ash), while the lighter Tl isotopes can
generally be evaporated into the volatile phase, which is mainly
controlled by the evaporation process (Fig. 4). However, after flowing
out of the furnace, the relative heavier Tl fractions from the flue gas
condenses preferentially and re-adsorbs on the surface of dust/fly ash
particles, subsequently by the further accumulation of Tl gradually
during condensation processes (Fig. 4). This is likely because partial re-
equilibrant reactions of the vapor phase TI related to the condensation
process have occurred due to a quick decrease in temperature. The T1
isotopic fractionation and evolution within these high-temperature
processes can be approximately described by the Rayleigh fraction-
ation model (Eq. (2)) within a closed system (Liu et al., 2020; Zhou et al.,
2021).

(1 _ f(l/ﬂ))

€ 2OsTlvolali]e = (104 +e& ZOSTIMW materiul) X (1 — f)

(2)

Where ezosTlvolame and ezosTlraw materials are T1 isotopic compositions
of volatile and raw materials, respectively. a is Tl isotopic fractionation
factor, and f is the mass fraction ratio of Tl in the residual.

In summary, the high-temperature industrial process can induce
obvious Tl isotopic fractionation, in which isotopically lighter Tl is
generally observed in the fly ash or vapor Tl fraction, whereas the
heavier Tl is enriched in the residual slag or bottom ash (Figure S2 and
Fig. 4). The raw material from different sites (see section 4.1) can bring
distinct Tl isotopic composition of those waste materials. Furthermore,
the different actual operations and techniques in industrial activities
may also cause various Tl isotopic fractionation among fly ash, slags,
bottom ash, etc. in the industrial processes as shown in Cd isotopes
(Cloquet et al., 2005; Zhong et al., 2020). Thus, Tl isotopic signatures of
raw material and waste materials generated from various industrial
processes generally exhibit its fingerprint information, which can be
distinguished from geogenic sources in the environment and be
employed as an environmental tracer to identify released Tl from the
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different industrial sources. environmental migration behavior. Thereafter, adequate and represen-
tative environmental samples such as the contaminated samples, po-

5. Application of Tl isotopes as a tracer for environmental tential source materials and natural background samples for source
pollution identification should be carefully selected. By measuring Tl content of
collected natural soil samples and investigating the natural parental

Prior to the utilization of Tl isotopes in tracing Tl sources in studied bedrocks (i.e. local background) in the studied area, environmental
areas, the geo-environmental situation and/or industry should be first evaluation methods such as enrichment factors, geo-accumulation index
investigated, to predict the potential contamination sources and T1 geo- can be used to judge whether the selected natural soil samples are

(a)
atmospheric deposition ' £°T1=-0.19 ( cement Kkiln dust)

®0il samples
/
x—:"’slee 0 (topsoil)
4
soi]'f)rofile
4
4

4
/£?"Tl~ -4(deeper soil) Cement plant Kersten et al. (2014)
(325T1=—3 66~ -1.60 £”Tl< -2.5 (fly ash, volatile TI)
tree needles and wood .- A ‘

4 Coal-fired power plant

k4
£”Tl<-1.9 (upper layer soil, except L-layer soil of forest profile)
k4

T

T A7

Vanék et al (2016)

, € TI=-3.57~-2.30 (uppermost peat
£°T1=-3.92~-2.69 (all upper soil) peExtiand

O -

£°Tl=-1.88~-0.98 (bedrock)

£ TI=-4.77~—3.31 E

Zn ore and post-flotation'Fe-Zn residue
1

1

eat sample

£Tl=-1.59~-1.06 (the deep peat)

£°Tl=-4.40~ -3.60
(Zn metallurgical wastes and ore)

Vanék et al (2021)

Vanék et al (2018)

(@

Mine

£°T1=6.10~6.32(fw, bulk)
flotation wastes (fw)

@
tailing dam &_

Fig. 5. Application of Tl isotopes in tracing Tl pollution in environment. a) tracing soil Tl contamination near a cement plant; b) tracing soil Tl contamination near a
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suitable for natural background (Ahmed et al., 2018; Liu et al., 2017).
The ideal case is that the studied samples are affected by only two
sources (i.e., natural and anthropogenic sources) with significantly
different TI isotopic signatures. When there is a significant linear cor-
relation between £2°°Tl values and 1/T1 of end-elements/mixed envi-
ronmental samples, a simple binary mixed model (Eg. (3) and (4)) can be
used to quantitatively estimate the contribution of each source to the
environmental samples (Weiss et al., 2008; Wiederhold, 2015).

Em =€a X fat+ep X [p 3

fatfe=1 4

Where ¢ is the isotopic value of the mixture, ¢4 and ¢g is the isotopic
value of the anthropogenic source and the natural source, while fj and fg
are the contribution ratios of anthropogenic and natural sources,
respectively.

Kersten et al. (2014) first utilized Tl isotopic compositions to track
the sources of Tl input in soil profiles near the Lengerich cement plant,
Germany. The results showed that deep background soils (¢2°°Tlx —4)
were isotopically lighter than topsoils (¢2°°Tl~0), which exhibited
similar Tl isotopic composition as that of cement kiln dust (€2°5T1 =
-0.19 £ 0.40) and Meggen pyrite (€2%5T1 = -0.36 + 0.55) (a mix addition
during cement production) (Kersten et al., 2014). A plot of 20Tl vs. 1/
[T1] indicated that the soils were contaminated by dust emissions from
the Lengerich cement plant and background T1 (Fig. 5a and Figure S3).
Forest and grassland soil profiles near coal-fired power plants, Czech
Republic (Vanék et al., 2016) and near Zn smelter, Poland (Vanék et al.,
2018) exhibited that the Tl-contaminated upper soils were enriched in
lighter Tl isotopes relative to bedrock. In particular, Tl isotopic signa-
tures of upper soils (ezosTl < -1.9) near coal-fired power plants were
identical to fly ash and volatile Tl (€2%5T1 < -2.5) (Vanék et al., 2016),
while the Tl-contaminated upper soils (€2%°T1 = -3.92 — -2.69) near Zn
smelter presented similar TI isotopic composition to the waste materials
Zn ore, post-flotation Zn-Fe residue (€2%5T1 = -4.77 — -3.31) (Vanék
et al.,, 2018). The diagram of £295T] versus 1/ [TI] in both studies
demonstrated a mixing of Tl input derived from both industrial sources
(coal-fired power plants or Zn smelter) and geogenic source (Fig. 5b, ¢
and Figure S3).

Mining activities also can generate evident Tl isotopic variations in
soils. Both Tl-contaminated P1 and P2 soil profiles near an arid desert
Pb-Zn ore mining, Namibia presented an evident enrichment of heavier
Tl in the topsoils (8205Tl = 2.37-3.78) than the bottom soil (8205T1 =
-0.38- 0.80) (Grosslova et al., 2018). At the same time, the soils in the
most distant P3 profile exhibited low Tl accumulation and different
isotopic variation. Additionally, the £2°°Tl values of topsoils were
identical to < 0.05 mm fine particulate matter (€29°T1 = 3.60) from mine
tailings, indicating the Tl input of pollution. The diagram of ¢2°°TI
versus 1/[T1] revealed a binary mixing of Tl impacted by mining-derived
source (waste of Pb-Zn mine tailings, especially < 0.05 mm fine particle)
and geogenic origin (Fig. 5d and Figure S3). The binary mixing model
demonstrated that over one third of Tl contamination topsoil from the
studied depth profiles was attributed to flotation waste-derived load.

However, the simple binary mixing model is not suitable for evalu-
ating the source of Tl in complicated environmental settings with
complex TI pollution sources (e.g., mining activities, metal smelting,
fertilizer use, coal combustion, transportation emissions, etc.). There-
fore, the isotope multi-source mixing model is proposed by Liu et al.
(2022):

SM:EIXfl+82 ><f2+"'+€,,><‘,, (5)

hit+ht+fi=1 (6)

Where ¢y is the value of the mixture, ¢, is the Tl isotopic value of
different end-members. fn is the Tl contribution ratio of different end-
members. Isotopic multi-source hybrid models use the ISosource soft-
ware to calculate the source of pollution and assess the contribution of
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each source. The ISosource program analyzes all possible combinations
of the contribution rate of each potential source in a small mass balance
tolerance (Chen et al., 2018; US EPA, 2017; Wang et al., 2021).

Two sediment profiles from downstream of a Pb-Zn smelter outfall
yielded €2°°T1 values ranging from —3.76 to 2.35 (most sediments
yielded £295T] values = -3.76-1.01) that was found between acidic
wastes (¢2°°T] = -4.62) and smelter clinkers (¢2°°T1 = 1.12) (Liu et al.,
2022). In the ¢2°°T1 vs 1/TI diagram, the sediments did not align with a
single line, which may suggest at least three various sources input with
distinct TI isotopic signatures, i.e., smelter clinkers, acidic wastes, and
local background (Fig. 5e and Figure S3). The mixing model exhibited
that ~ 80% of Tl pollution in sediments was caused by the smelter
wastes. Moreover, the uppermost peat (€2%°T1 = -3.57 — -2.30) (0-14
cm) near Boleslaw Zn smelter was featured by similar isotopic signatures
to local ore and/or Zn metallurgical wastes (€2%5Tl = -4.40 to —3.60)
(Vanék et al., 2021). In contrary, the deeper peat (34-40 cm) and clayey
sand (120-150 cm, background) (€295T1 = -1.47) were characterized by
identical Tl isotopic composition (8205T1 >-1.59 ~ -1.06). They referred
that the uppermost Tl-contaminated peat was likely induced by TI
emissions from near Zn smelter, whereas the deeper peat (>34 cm) was
influenced by geogenic Tl (Vanék et al.,, 2021). Additionally, the
206pt, /207ph ratios of upper peat (1.1722-1.1906) (0-40 cm) was anal-
ogous to those observed in local ore (1.173) and fly ash (1.174), indi-
cating a great contribution of the Tl input from Zn smelter, whereas
206pp, /207ph ratios of deeper peat (1.1641-1.1792) indicated a geogenic
source (Vanék et al., 2021). Altogether, 206p, /207ph ratios demon-
strated a consistent result with TI isotopic data, further supporting the
potential employment of £2°°T1 values as proxies for Tl contamination
source in sediment (Fig. 5¢ and Figure S3).

6. Conclusion and perspectives

The advent of MC-ICP-MS has improved precise measurement of TI
isotopic compositions, which offers a newly promising technique to
understand TI’s geochemical cycle (e.g., source, occurrence, transfer and
fate), providing important insight for source tracing of Tl contamination
in the environment. The application of Tl isotopic compositions in
environmental contamination is comprehensively summarized herein
for the first time. Thallium isotopic fractionation induced by the surface
naturally geochemical process is limited as compared to that by high-
temperature industrial processes. The unique extensive Tl isotopic
fractionation derived from industrial activities shows great potential for
source apportionment of T1 pollution in environmental media using Tl
isotopic signatures. However, as a relatively emerging field, there are
still challenges in TI isotopic application in the environment, which
demonstrates that more studies are needed to broaden this field. For
example, the “Tl isotope fractionation black box” is induced in the
environment due to post-release geological and biological processes and
should be carefully considered when deciphering the Tl isotopic results.
Future research should focus on and further explore several aspects:

1) More studies on natural processes and/or experimental simulations
are required to identify the Tl fractionation mechanism in different
environmental geochemistry processes. Additionally, Tl isotopic
fractionation in different anthropogenic activities such as metal ore/
coal mining and processing, metal smelting and refining, coal/lignite
combustion, waste incineration, petroleum refining, cement
manufacturing processes should be further investigated
comprehensively.

2) The application of Tl isotopes as the source tracer is mainly
concentrated in soil and sediment contamination. However,
compared with other well-studied metals isotopes (e.g., Pb, Cd, Cu,
Zn and Hg), Tl isotopes in different environmental media for
contamination sources remain obscure. It is time to investigate the
source apportionment further using TI isotopes in different high TI-



Q. Zhong et al.

contaminated environments, such as agricultural systems (soil-crop),
water, sediment, aquatic organism and atmosphere.

Thallium isotopes have been widely utilized to investigate different
Tl geochemistry (e.g., cosmos, mantle, paleocean), there are still
many unexplored but potentially advantageous applications of Tl
isotopes. For examples, Tl isotopes may also be applied to understand
biological mediated fractionation of Tl isotopes and investigate the
potential application of Tl isotopes in climate change research.
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