
Science of the Total Environment 784 (2021) 146995

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Thallium geochemical fractionation andmigration in Tl-As rich soils: The
key controls
Xudong Wei a,e, Jin Wang a, Jingye She a, Jing Sun b, Juan Liu a,⁎, Yuxuan Wang a, Xiao Yang c, Qi'’en Ouyang a,
Yuyang Lin a, Tangfu Xiao a, Daniel C.W. Tsang d

a Key Laboratory of Water Quality and Conservation in the Pearl River Delta, Guangdong Provincial Key Laboratory of Radionuclides Pollution Control and Resource, School of Environmental
Science and Engineering, Guangzhou University, Guangzhou 510006, China
b State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China
c Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
d Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China
e Department of Agronomy, Food, Natural resources, Animals and Environment (DAFNAE), University of Padua, Agripolis Campus, Viale dell'Università, 16, 35020 Legnaro, PD, Italy
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Half of geochemically mobile fraction of
thallium (Tl) was observed in the top-
soils.

• Dominant portion (29%) of mobile Tl
was enriched in the reducible fraction.

• Participation of Fe oxides plays a critical
role in generating highly elevated
mobile Tl.

• LA-ICP-MS and TEM revealed Tl translo-
cation pathway from tailings to soil
profile.
⁎ Corresponding author.
E-mail address: liujuan858585@163.com (J. Liu).

https://doi.org/10.1016/j.scitotenv.2021.146995
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 26 January 2021
Received in revised form 13 March 2021
Accepted 3 April 2021
Available online 9 April 2021

Editor: Xinbin Feng

Keywords:
Geochemical fractionation
Tl-As in soil
LA-ICP-MS
Metal/metalloid speciation
Mine tailings contamination
Thallium (Tl) pollution caused by mining and processing of Tl-enriched ores has become an increasing concern.
This study explored the geochemical fractionation and vertical transfer of Tl in a soil profile (200 cm) from a rep-
resentative Tl-As mineralized area, Southwest China. The results showed that the soils were heavily enriched by
Tl and As, with concentration ranging from 3.91–17.3 and 1830–8840 mg/kg (6.79 and 2973 mg/kg in average),
respectively. Approximately 50% of Tl occurred in geochemically mobile fractions in the topsoil, wherein the re-
ducible fractionwas themost enriched fraction. Further characterization using LA-ICP-MS and TEM revealed that
enriched Tl and As in soils were mainly inherited from the weathering of mine tailing piles upstream. XPS char-
acterization indicated that Fe oxides herein may play a critical role in the oxidation of Tl(I) to Tl(III) which pro-
voked further adsorption of Tl onto Fe oxides, thereby facilitating Tl enrichment in the reducible fraction. The
findings highlight that the pivotal role of Fe oxides from mineralized area in the co-mobility and migration of
Tl and As in the depth profile.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Thallium (Tl) is a highly toxic element that has gained worldwide
concerns over the last few decades. Compared with other traditional
toxic metal(loid)s such as As and Cr, Tl is remarkably more poisonous
and causes damage both to gastrointestinal, muscular and nervous
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systems (Vaněk et al., 2013; Qi et al., 2019; Liu et al., 2019a,b, 2021; Yin
et al., 2021). Thallium concentration in the natural environment is gen-
erally low, with 0.52 mg/kg in the Earth's crust and 0.012–0.016 μg/L in
seawater (Xiao et al., 2012; Liu et al., 2018; George et al., 2019). How-
ever, as a chalcophile element, Tl is generally enriched in sulfidic min-
erals, such as FeS2, PbS, ZnS and As2S3 (Xiao et al., 2012; Belzile and
Chen, 2017; Liu et al., 2020c,d; Vaněk et al., 2018). In recent years, an in-
creasing utilization of Tl-rich minerals has resulted in Tl-related pollu-
tion events in many typical mining/smelting areas worldwide
(Lukaszewski et al., 2018; Vaněk et al., 2019; Wang et al., 2020b; Wei
et al., 2020). Previous studies found that Tl was dispersed into acid
mine drainage, river, sediment, tap water, soil, air, plants and animals
around mining areas through multiple natural or anthropogenic path-
ways, posing threats to the local environment (Liu et al., 2020b; Vaněk
et al., 2016; Wang et al., 2020c, 2021a; Zhou et al., 2021).

Arsenic (As) is a widely distributed element in the environment and
also enriched in sulfidic minerals (Besold et al., 2018; Beiyuan et al.,
2017b; Wang et al., 2020a). As poisoning can cause blackfoot disease,
polyneuritis and mental disorder (Rahman et al., 2018; Wu et al.,
2020). Compared with Tl, As has been well-known for its poisonous ef-
fects for more than a century and captured a lot of research attentions
(Alvarenga et al., 2019; Kaya et al., 2020; Sun et al., 2016; Verma et al.,
2020). Pertinent studies on As contamination have been carried out
and improve our understanding of As contamination in soils and plants
and its effects both to the environment and to the human beings
(Meharg and Rahman, 2003; Carrizales et al., 2006; Rocke, 2013;
Alloway, 2015; Beiyuan et al., 2017a).

Recent studies have found that utilization of As-Tl enrichedminerals
generates Tl-As pollution in the Republic ofMacedonia, Swiss, Spain and
China (López-Arce et al., 2019; Wei et al., 2020). In China, the south-
western region is of great importance for industrial production and pro-
vides large amounts of metal-enriched ores per year (Xiao et al., 2012;
Liu et al., 2019a). Our previous study focused on a historical mine for
As2O3 production during the year of 1960–2000 in Southwest China
and found that the soils and plants, brake fern (Pteris vittata L.), around
the mining area were heavily contaminated by both Tl and As (Wei
et al., 2020). Tl in the topsoil may influence survival and metabolisms
of microorganisms, soil animals and plants, whereas Tl in deeper soil
may cause Tl contamination in the groundwater (Xiao et al., 2003;
Ghezzi et al., 2019; Wei et al., 2020; Wick et al., 2020). Previous studies
have shown that geochemical migration of thallium in soils was
regulated by speciation and fractionation (Voegelin et al., 2015;
Li et al., 2020; Lin et al., 2020). However, limited information is
available concerning the speciation and extractability of Tl and co-
contamination mechanism of Tl and As in the environment, especially
for the Tl-As co-contaminated soil profile.

A series of soils from different layers of a Tl-As co-contaminated pro-
file (depth of 200 cm) were collected from amine tailings-affected area
in Southwest China to implement this study. Themain objectives of this
studywere (i) to uncover the contents and dispersing trend of Tl and as-
sociated elements throughout vertical profile, (ii) to reveal Tl geochem-
ical fractionation in the soil profile (iii) to study the geochemical
potential mobility of Tl based on its mineralogical characteristics,
micro/nano distribution, geochemical fractionation and speciation.
This study highlights the fate of Tl-As co-contamination in topsoil near
a typical mine tailings abandoned area, which is critical for understand-
ing the geochemical fate of Tl and advising future remediation of Tl
pollution.

2. Materials and methods

2.1. Sampling site

The sampling site (24°57′ N and 101°15′ E) was located, around a
historical arsenic mine in Nanhua County, the southwestern of Yunnan
province, whichwas found enriched in both As and Tl (Wei et al., 2020).
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Before discontinued in 2000, the mining activities had produced 2000
tons of As2O3 and a large amount of mine tailings and wastes were
also generated. Mine tailings without treatment were stacked around
the entrance of the mining valley. The hill-shaped tailings had mostly
bare surface and limited vegetation with only several kinds of herba-
ceous plants. A soil profile was collected from a site that was 20 m
from the mine tailings storage site (which was also be collected). The
soil surface was covered by the brake ferns (Pteris vittata L.) and the
sampling profile was 200 cm deep. A total of 10 bulk soil samples with
~10 kg per sample were collected using a stainless steel hand shovel
at intervals of 20 cm. The pretreatment method for drying and grinding
soil samples was based on a previous procedure by Liu et al. (2020a). In
brief, the soil samples were stored in plastic bags and later dried in an
oven at 70 °C to constant weight, ground to powder using an agatemor-
tar and sieved to <80 μm in diameter.

2.2. Bulk, geochemical fractionation and speciation analysis

To determine the elemental composition of the samples, each soil or
ore sample (100 mg) was added into a mixture of 68% HNO3 (10 mL)
and 48% HF (5 mL) at 150 °C in a Teflon vessel for digestion (Liu et al.,
2020a; Wang et al., 2021b). The suspension was evaporated to dryness,
with redissolution in HNO3 (8 M) and dilution in Milli-Q water (HNO3/
water=1/4). The digestswere analyzed by Inductively Coupled Plasma
Mass Spectrometer (ICP-MS, PE-Sciex Elan 6100 DRC-II, Perkin Elmer,
US) (Voegelin et al., 2015; Wei et al., 2020; Yin et al., 2019, 2020). Cer-
tified reference materials (GBW07446 (Chinese soils)), triplicate sam-
ples, and reagent blanks/controls were used to assure the accuracy of
the experimental data. The relative standard deviation (RSD) of each el-
ement was less than 5.0%.

Tl geochemical fractionationwas determined according to the IRMM
sequential extraction method with four different fractions, including
acid exchangeable, reducible, oxidizable and residual fractions (Lin
et al., 2020). For exchangeable fraction, 500 mg of soil was added into
20 mL 0.11 mol/L CH3COOH for extraction (16 h) at room temperature
in a constantly agitated polyethylene centrifuge tube. For reducible frac-
tion, residue from step 1 was extracted with 20 mL 0.5 mol/L
NH2OH·HCl for 16 h at room temperature in a constantly agitated poly-
ethylene centrifuge tube. For oxidizable fraction, the residue from step 2
was extracted twice with 5 mL 8.8 mol/L H2O2 (pH 2.2) at 85 °C for 2 h
followed by a 16 h extraction with 1 mol/L CH3COONH4 (pH 2.0) at 25
°C. The residue from step 3 representing the residual fraction was then
digested in a mixture of HNO3 and HF.

2.3. TEM, LA-ICP-MS and XPS analysis

To investigate the elemental distribution at nano/micro-scale, the
soil/mine tailing samples were analyzed by Transmission Electron Mi-
croscope (TEM, JEOL JEM-2100F), equipped with an Energy Dispersive
Spectrometer (EDS, Oxford Instruments) and High Resolution Trans-
mission Electron Microscope (HRTEM, 200 kV) (Wei et al., 2020). The
HRTEM images (10 nm) were analyzed by Fast Fourier Transformation
(FFT) to produce the Electron Microscope (EM) maps (Wei et al.,
2020). Digital Micrograph was used to obtain d-spacing and axis de-
grees of (FFT) image and (EM) maps (Downs and Hall-Wallace, 2003;
Yin et al., 2019). Then the data was handled according to the
AmericanMineralogist Crystal Structure Database to determine its min-
eralogical composition (Downs and Hall-Wallace, 2003).

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) was used for concentration measurements and analysis of
micro/nano distribution of elements in themine tailings. Data were col-
lected by an NWR193UC 193 nm Excimer Laser attached to a Thermo
Scientific iCAP RQ ICP-MS following the methods of George et al.
(2018). The laser beam spot and repetition rate were 10 μm and 20
Hz, respectively, for mapping and the scanning rate was 20 μm/s. Stan-
dard material NIST 610 was used for calibration and Software iolite was



Table 1
Contents of elements (mg/kg) in soils.

Tl As Pb Zn Sb Cd Cr Fe Ni Mn

1–20 cm 11.90 ± 0.36 8840 ± 177 1620 ± 49 1330 ± 53 1.20 ± 0.05 3.39 ± 0.14 95 ± 3.1 52,100 ± 1500 63.3 ± 2.5 643 ± 13
20–40 cm 17.30 ± 0.52 3080 ± 62 620 ± 19 671 ± 27 1.19 ± 0.04 1.74 ± 0.07 96 ± 3.0 50,200 ± 1440 61.7 ± 2.5 805 ± 26
40–60 cm 4.29 ± 0.13 2070 ± 41 209 ± 6 340 ± 14 1.10 ± 0.03 1.16 ± 0.05 97 ± 3.1 50,500 ± 1503 63.6 ± 2.4 823 ± 14
60–80 cm 4.23 ± 0.13 2100 ± 42 188 ± 6 294 ± 12 1.15 ± 0.03 1.68 ± 0.07 98 ± 2.9 50,400 ± 1400 66.6 ± 2.3 745 ± 13
80–100 cm 4.50 ± 0.14 2140 ± 43 160 ± 5 282 ± 11 1.27 ± 0.04 1.17 ± 0.04 103 ± 2.9 53,300 ± 1443 65.4 ± 2.4 708 ± 25
100–120 cm 5.09 ± 0.15 2600 ± 52 111 ± 3 213 ± 9 1.12 ± 0.03 1.54 ± 0.04 100 ± 2.8 50,900 ± 1490 63.9 ± 2.7 780 ± 15
120–140 cm 5.71 ± 0.17 2350 ± 47 144 ± 4 276 ± 11 1.15 ± 0.05 1.48 ± 0.04 98 ± 3.0 52,000 ± 1495 63.5 ± 2.6 873 ± 24
140–160 cm 3.91 ± 0.12 2560 ± 51 199 ± 6 268 ± 11 1.12 ± 0.06 1.50 ± 0.05 97 ± 2.9 53,900 ± 1407 65.8 ± 1.3 827 ± 23
160–180 cm 5.14 ± 0.15 2160 ± 43 221 ± 7 337 ± 13 1.65 ± 0.07 5.99 ± 0.24 90 ± 2.9 47,300 ± 1200 86.2 ± 2.6 855 ± 16
180–200 cm 5.83 ± 0.17 1830 ± 37 166 ± 5 362 ± 14 1.96 ± 0.05 16.30 ± 0.65 60 ± 1.8 37,900 ± 1135 55.8 ± 1.1 723 ± 17
Minimum 3.91 ± 0.12 1830 ± 37 111 ± 3 213 ± 9 1.10 ± 0.03 1.48 ± 0.04 60 ± 1.8 37,900 ± 1135 55.8 ± 1.1 643 ± 13
Maximum 17.3 ± 0.52 8840 ± 177 1620 ± 49 1330 ± 53 1.96 ± 0.05 16.30 ± 0.65 103 ± 2.9 53,900 ± 1407 86.2 ± 2.6 873 ± 24
Mean 6.79 ± 2.04 2973 ± 595 364 ± 109 437 ± 175 1.29 ± 0.52 3.60 ± 1.44 93.4 ± 28 49,850 ± 14,955 65.6 ± 26 778 ± 156
Mine tailinga 960 ± 19 555,300 ± 1400 205 ± 2 525 ± 11 0.71 ± 0.03 6.77 ± 0.1 16 ± 1 7800 ± 234 20.0 ± 0.4 280 ± 8
Background soil in Chinab 0.62 11.2 26 74.2 1.21 0.10 61 / 26.9 583
Maximum permissible level in soilc 1 30 90 200 20 0.30 64 / 70.0 1200

a Values are taken from Wei et al. (2020);
b Values are taken from CEMS (1990) and Wang et al. (1995).
c Values are taken from SEP and GAQIQ State Environmental Protection Administration of the P.R. China & General Administration of Quality Supervision, Inspection and Quarantine of

the P. R. China, 2015.
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used for the selection of samples and blank signals, the sensitivity drift
correction and the element content calculation. The LA-ICP-MS map-
ping was used to monitor the variation and zonation of trace elements
such as As, Tl, Pb, etc. To gain the information of valence states, soil
was tested by anX-ray Photoelectron Spectroscopy (XPS, ThermoFisher
ESCALAB 250Xi, X-ray source: Mono AlKa, at 1486.6 eV) and data was
analyzed by XPS Peak.
Fig. 1. Elements content

3

2.4. Statistical analysis

Spearman correlation analysis was performed to reveal the relation-
ships of Tlwith the other elements including As, Pb, Zn, Sb, Fe andMn in
the soil profile. The correlations of Tl geochemical fractionations and the
bulk contents were also analyzed. SPSS Statistics version 19.0 was used
for statistical analyses.
s of the soil profile.
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3. Results and discussion

3.1. Elements distribution

As displayed in Table 1, the contents of Tl in the soil profilewith a total
length of 200 cm (20 cm per layer) were within 3.91 to 17.3 mg/kg, far
exceeding the content in the background soil of China (0.62 mg/kg)
(CEMS, 1990). It also exceeded the maximum permissible level (MPL)
for soil in China (1 mg/kg) (SEP and GAQIQ State Environmental Protec-
tion Administration of the P.R. China & General Administration of Quality
Supervision, Inspection andQuarantine of the P. R. China, 2015). The con-
tents of Tl in this Tl-As co-contaminated soil profile were much higher
than those in soils from South China and East China (less than 15
mg/kg), steel smelting area in Guangdong Province, China (0.9–1.8
mg/kg), and a Cu industrial production region in Fujian Province, China
(0.6–3.3 mg/kg) (Yang et al., 2005; Zhou et al., 2007; Liu et al., 2017;
Guo et al., 2018). Compared with Tl levels of those in severely contami-
nated soils from Linares smelting area, Spain (0.5–39.5 mg/kg) (Cortada
et al., 2018) and Lanmuchang mining district, China (181 mg/kg) (Lin
et al., 2020; Wang et al., 2018a), Tl contamination in soils from the stud-
ied area was moderate. However, the mining affected soils in this study
were characterized by extremely high levels of As (8840 mg/kg, 0–20
cm), along with Pb (1620 mg/kg, 0–20 cm) in the surface layer.

Arsenic in the profile ranged from 1830 to 8840mg/kg (2973mg/kg
on average), 100 times as its MPL (30 mg/kg) in soil (SEP and GAQIQ
State Environmental Protection Administration of the P.R. China & Gen-
eral Administration of Quality Supervision, Inspection and Quarantine
of the P. R. China, 2015). Arsenic in the topsoil was also higher than
those reported in the soil from the LMC Tl-Hg-As mine, China
(304–1480 mg/kg), (Tl,As)-rich ore meadow, Swiss (320–2270
mg/kg), and Tl, Sb, As-rich pyrite, Italy (Voegelin et al., 2015; George
et al., 2019; Lin et al., 2020). In addition, the mean values of Pb, Zn, Cd
and Cr (364, 437, 3.60 and 93.4 mg/kg, respectively) were also over
their background values in China and their corresponding MPLs (90,
Fig. 2. Geochemical fractionation of Tl in the soils: (a) percentages of Exc./Red./Oxi./Res. fract
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200, 0.30 and 64 mg/kg, respectively). The results indicated that the
whole soil profile, even at the soil depth of 200 cm, was severely pol-
luted by Tl, As and Pb (SEP and GAQIQ State Environmental Protection
Administration of the P.R. China&General Administration of Quality Su-
pervision, Inspection and Quarantine of the P. R. China, 2015).

As shown in Fig. 1, the topsoil (0–40 cm) contained the highest level
of Tl, with 11.9mg/kg at 0–20 cm and 17.3mg/kg at 20–40 cm,while soil
layers at the depth of 40–200 cm of the profile displayed a decreasing
level of Tl (less than 6 mg/kg). As for arsenic, the highest level appeared
at the depth of 0–20 cm (8840 mg/kg) and 20–40 cm (3080 mg/kg),
while the contents at depth of 40–200 cm were consistently at about
2000 mg/kg. Similar to arsenic, the contents of Pb, Zn, Sb and Cd at the
depth of 0–20 cm and 20–40 cm were extremely high (Pb: 1620 and
620 mg/kg; Zn: 1330 and 671 mg/kg; Sb: 1.96 and 1.65 mg/kg; Cd: 16.3
and 5.99 mg/kg) and then decreased in the deeper soil layers (40–200
cm) with steady levels. As displayed in Fig. S1, Tl showed positive rela-
tionships with Zn, Sb and Cd, which suggested that Tl, Zn, Sb and Cd in
soil may be accumulated and transported similarly to the bottom layer.
In contrast, the contents of Cr, Ni, Fe and Mn in the soil profile remained
relatively constant across the depth. The results indicated a tremendous
metal(loid)s contamination in the topsoil of this mining area, due to the
weathering and leaching of mine tailings (Tl = 960 mg/kg). Tl and As
in the topsoil might induce toxic metal(loid)s accumulation in the plants
and pose threat to animals that consume these plants or their fruits (Briki
et al., 2017; Wei et al., 2020). Moreover, those toxic metal(loid)s in
deeper soil (40–200 cm) might be slowly released into pore water and
cause dispersion of metal(loid)s in the groundwater (Xiao et al., 2003;
Ghezzi et al., 2019; Sun et al., 2018; Wick et al., 2020).

3.2. Geochemical fractionation of Tl in soil

In order to determine the geochemical fractionation of Tl in soil, a
modified IRMM sequential extraction method was used and the recov-
ery rates ranged from 88.8% to 101.3%. Fig. 2(a) showed that Tl in the
ions; (b) total contents of Tl; (c) correlation between Tl contents and different fractions.
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soil profile (on average) dominantly existed as residual fraction (72.4%),
followed by the oxidizable, reducible and exchangeable fractions
(15.3%, 11.0% and 1.30%). The contents of Tl in the residual fraction
ranged from 2.98 to 8.91 mg/kg, occupying 46.2%–83.3% of the total Tl.
This result was consistentwith other studies, which reported that resid-
ual fraction was the predominant fraction of Tl in the environment
(Vaněk et al., 2013; Lee et al., 2015; Aguilar-Carrillo et al., 2018; Li
et al., 2020).

As exhibited in Fig. 2, Tl in the reducible fraction ranged from
3.83% to 29.0%, decreasing from the top to the bottom. Tl in the ex-
changeable fraction was the least and shared a similar distribution
pattern as Tl in the reducible fraction. It was shown that Tl in these
two fractions were featured by a significant linear correlation with
Tl contents (R2 = 0.74 and R2 = 0.83, p < 0.01) (Fig. 2 (c)). The re-
sults indicated that Tl in these two fractions possessed a strong rela-
tionship with original Tl contents and may share an identical
geochemical migration pathway (Huang et al., 2018). Different
from Tl in the reducible and exchangeable fractions, Tl in the oxidiz-
able fraction rarely changed across the vertical soil depth, about
15.3% on average.

It is worth noting that Tl in the exchangeable, oxidizable and re-
ducible fractions were regarded as geochemically mobile (Li et al.,
2020; Lin et al., 2020). Tl in geochemically mobile fractions were
within 16.7%–53.8%, and were 53.8% in 0–20 cm and 48.5% in
20–40 cm, indicating a noticeable amount of geochemically mobile
Tl in the topsoil. As shown in Fig. 2, the topsoil with high Tl content
was mostly enriched in the reducible fraction (0–40 cm, 29.0%),
followed by exchangeable (0–40 cm, 3.88%) fraction. Fig. S2
Fig. 3. TEM and LA-ICP-MS mapping of mine tailing: (a) TEM im
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displayed that Tl in geochemically mobile fractionation held signifi-
cant linear correlation with Tl in the reducible fraction (R2 = 0.98),
suggesting that Tl in the reducible fraction played an important
role in geochemical migration of Tl in the studied area (Lee et al.,
2015).

Tl in the reducible fraction was normally integrated with Fe and
Mn oxides (Aguilar-Carrillo et al., 2018; Huang et al., 2018). Oxida-
tion of Tl(I) to Tl(III) promotes adsorption of Tl onto Fe or Mn oxides
(Voegelin et al., 2015; Antić-Mladenović et al., 2017). As displayed in
Table 1, the soil profile was enriched in Fe. To find out why Tl was
enriched in reducible fraction and how it works, it would be critical
to check if abundant Fe (or Mn) oxides (e.g., hematite, confirmed
by TEM analysis) and oxidization of Tl(I) to Tl(III) (XPS analysis)
were in the soil.

3.3. LA-ICP-MS and TEM analysis of mine tailings

As shown in TEMmapping (top two rows in Fig. 3), Tl, As, Pb and O
were evenly scattered on the particle (1 μm) of the mine tailings and
their distribution were 7.07% (Tl), 0.01% (As), 12.2% (Pb) and 30.2%
(O), respectively. The results indicated that Tl was highly accumulated
on micro/nano-scale particle of the mine tailings. According to the
analysis of d-spacing and axis degrees, the major mineralogical compo-
nent of tailings particle were avicennite (Tl2O3) and thalcusite
(Cu3Tl2FeS4).

Further analysis of LA-ICP-MS mapping (third row in Fig. 3) con-
firmed that the mine tailings particle (100 μm) contained high concen-
trations of As, Tl, Pb and Zn. The contents of As, Tl, Pb and Zn were in
age; (b) HRTEM image; (c) FFT image EM maps of particle.
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range of 10–100,000 mg/kg, 1–100 mg/kg, 10–1000 mg/kg and
10–1000 mg/kg, respectively. Pb was distributed most evenly on the
particle, while As was mainly concentrated at the edge and Tl was
more concentrated in the center. The results further indicated that
trace elements Tl and As were highly concentrated in the mine tailings,
whichmight be transformed and transported down the vertical soil pro-
file and into the surrounding environment.

3.4. TEM analysis of soils

As displayed in Fig. 4, Tl, As and Pb on particles (1 μm) of the topsoil
(0–20 cm) and mid soil layer (80–100 cm) were well-distributed, with
0.01% (Tl), 0.33% (As) and 0.01% (Pb) of topsoil and 0.01% (Tl), 0.40%
(As) and 0.01% (Pb) of mid soil layer, respectively. Apart from the
above-mentioned trace elements, the results also showed that Fe and
O were highly accumulated, with 6.16% (Fe) and 90.8% (O) of topsoil
and 13.4% (Fe) and 82.1% (O) of mid soil. The results of Fe and O accu-
mulating on the particles of Tl-rich soils were consistent with previous
findings that Tl enrichment in soils was closely related to iron oxide
minerals (Liu et al., 2020a; Wick et al., 2020).
Fig. 4. TEM maps of particles in top soil (0–20 cm) and mid soil (80–100 cm)
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Analytical results of HRTEM images (Fig. 4) revealed that main
mineralogical compositions of the topsoil and mid soil layer were
thalcusite (Cu3Tl2FeS4) and hematite (Fe2O3). The mineral - thalcusite
(Cu3Tl2FeS4) may be inherited from the residual sulfide mineral of the
tailing, which is embedded in the inner-sphere of the soil particles. It
was reported that thalcusite was subdivided into the solid phase sys-
tems Tl-S-O (containing native Tl, carlinite (Tl2S) and avicennite
(Tl2O3)) and Fe-S-O (containing native Fe, pyrrhotite, pyrite, magnetite
and hematite) (Pekov and Agakhanov, 2008; Karup-Møller and
Makovicky, 2011; Hettmann et al., 2014). Hematite (Fe2O3) found in
the mid soil layer coincided with the previous finding that Tl enrich-
ment in soil was closely related to iron oxide (e.g. Tl adsorption onto he-
matite particles. In addition, Tl(I) can be oxidized by light-dependent
iron cycle and incorporation of Tl(III) and hematite facilitates Tl stabili-
zation into the reducible fraction (Voegelin et al., 2015; Lin et al., 2020;
Liu et al., 2020a). The results indicated that enriched levels of Tl and As
in the contaminated soil profile were mainly generated from the Tl-As
rich mine tailings. The presence of hematite (Fe2O3) found in the soil
may reflect the enrichment of Tl in the reducible fraction via bonding
with Fe-O minerals (Twining et al., 2003; Aguilar-Carrillo et al., 2018).
: (a) TEM image; (b) HRTEM image; (c) FFT image EM maps of particle.
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3.5. XPS analysis of Tl, As and Fe

XPS analysiswas conducted to figure out the speciations of Tl, As and
Fe. Thallium in the natural environment usually exists in two oxidation
states, monovalent (Tl(I)) and trivalent (Tl(III)) (George et al., 2018;
Wang et al., 2018b). The results revealed that Tl was primarily distrib-
uted as Tl(I) (peak at about 119 eV), with 73.8%, 78.4%, 75.8%, 79.3%,
82.6% and 80.3% in the soils of 0–20 cm, 20–40 cm, 80–100 cm,
100–120 cm, 160–180 cm and 180–200 cm, respectively (Fig. 5 a1, a2,
b1, b2, c1 and c2). In addition, the proportions of Tl(III) (peak at about
118 eV) in the top/mid/bottom soil layers were 21.6%–26.2%, 20.7%–
24.2% and 17.4%–19.7%, suggesting a slight decrease from top to bottom.
Based on the thermochemical data, Tl(I) is the dominant oxidation state
in the natural environment (D'Orazio et al., 2017). However, Tl(I) can be
also oxidized to Tl(III) by extreme oxidizing conditions such as sunlight
irradiation (UV), interaction with Mn(IV) oxides and light-dependent
iron cycle (Twining et al., 2003; Karlsson et al., 2006; Biagioni et al.,
2017). Besides, Tl oxidation can also be supported by the action of Tl-
oxidizing bacteria, might be the Tl-oxidizing microbiological processes
around the rhizospheric area of some wild plants (e.g. brake ferns)
here in the studied soil (Wei et al., 2020).

As in the soils appeared in both As(III) and As(V) (Fig. 5). The results
revealed As(V) (peak at about 45.5 eV) in the soils of 0–20 cm, 20–40
cm, 80–100 cm, 100–120 cm, 160–180 cm and 180–200 cm (Fig. 5 a3,
a4, b3, b4, c3 and c4) were 57.1%, 52.0%, 46.0%, 43.5%, 49.2% and
Fig. 5.XPS spectra of As 3d and Tl 4f of the top soil (a1 and a3, 0–20 cm; a2 and a4 20–40 cm),m
cm; c2 and c4 180–200cm).
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44.5%, respectively. Previous studies indicated that As released from
mine ores and tailings could be oxidized under natural weathering
(Hammond et al., 2018). It was obvious that As(V) in the topsoil
accounted for more than 50% of total As. As displayed in Fig. S3, Fe in
soil existed mainly as Fe(III) (peak at about 711 eV), with about 84%
in the topsoil. The results revealed that iron in the soil profile was dom-
inantly trivalent and were consistent with the TEM results (hematite
(Fe2O3) in the soil). Large amount of As(V) and Fe(III) indicating that
the topsoil presents the most oxidizing environment, thus supporting
the observed oxidation of Tl(I) to Tl(III).

As shown in Table 1, Mn in the soil was only about 800mg/kg, much
less than Fe (5%). No significant evidence of oxidizing participation of
Mn (hydr)oxides in Tl geochemical process indicates that there may
be negligible effect from Mn(hydr)oxides herein. However, Tl(III) in
the studied vertical soil profile might be induced whether by
light-dependent oxidation of Fe minerals, or by the action of Tl-
oxidizing bacteria. It was reported that trivalent Tl may be stabilized
by colloid formation or sorption to Fe oxides (Antić-Mladenović et al.,
2017). The XPS results of the soils confirmed a higher percentage of Tl
(III) in the topsoil, along with the hematite (Fe2O3) found by TEM anal-
ysis. Therefore, Tl(III) adsorption onto/incorporation with Fe2O3 may
promote enrichment of Tl in the reducible fraction.

As mentioned in Section 3.2, Tl in the reducible fraction was the
main contribution of geochemical mobile fractions, especially in the
topsoil. Therefore, a predominant Tl in the reducible fraction in the
id soil (b1 andb3, 80–100 cm; b2 and b4 100–120 cm) and bottom soil (c1 and c3, 160–180
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topsoil, activated by oxidization of Fe oxides may enhance rapid migra-
tion and enrichment of Tl in soil and provoke regional Tl pollution.
Moreover, once the groundwater level rises or the soil redox potential
changes, more Tl will be activated into geochemically mobile fractions
and thus pose great potential threat to the groundwater source in the
long run. The findings demonstrate that surface oxidation by Fe oxides
inmining affected soils may play a pivotal role in Tl mobility andmigra-
tion, which is vital to control Tl pollution in soil.

4. Conclusions

In this study, remarkably toxic trace elements of Tl (3.91–17.3
mg/kg), As (1830–8840 mg/kg) and Pb (364–1620 mg/kg) were
found highly co-enriched in the mine tailings affected soils in Yunnan,
Southwestern China. The LA-ICP-MS and TEM results revealed the dis-
tribution of Tl and As on specificmineral particles (e.g. Tl2O3, Cu3Tl2FeS4
and Fe2O3) and suggested that Tl in the soils was generated frommining
and the stacking of mine tailings. It should be noted that about 50% of Tl
in geochemically mobile fractionation was observed in the topsoil,
whichwasmostly enriched in the reducible fraction (29%), representing
high migration capability and potential environmental risks. The find-
ings demonstrate that mining activities, participation of Fe-O minerals
combined with Tl oxidation in soils may activate and release geochem-
ically mobile Tl fractions into the environmental matrix and cause po-
tentially ecological hazards.
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