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ABSTRACT

This works investigates the origin, behavior and fate of Tl in acid mine drainage (AMD) affected areas at
catchment scale, following the path from rocks to the ocean. To address this issue, comprehensive data set of Tl
in rocks, waters, secondary minerals, plants and other environmental compartments is presented, using the
Iberian Pyrite Belt (SW Spain) as representative example. The content of Tl in host rocks (mean of 0.51 mg/kg)
exhibits moderate positive correlations with elements such as K and Rb, whereas no correlations were observed
in sulfides (27 mg/kg) between T, Fe and other metal/loids commonly found in these minerals, such as As, Pb,
Cd, Cu or Zn. During sulfide oxidation processes, Tl is mobilized from sulfides, as evidenced by the depletion of T1
in gossans (1.8 mg/kg), and host rock minerals, leading to a Tl enrichment in AMD leachates (mean of 242 pg/L),
with concentrations of up to 8.3 mg/L, several orders of magnitude higher than those reported in natural waters.
The precipitation of secondary minerals, with large surface areas, may be a sink for Tl, especially in jarosite
minerals (8.4 mg/kg). Thallium can be also removed during the treatment of AMD in alkaline passive treatment
systems due mainly to sorption processes onto Fe and Al secondary minerals (i.e., schwertmannite and basalu-
minite, respectively).

Mean TI contents of 13 mg/kg have been observed in wastes dumped in abandoned mines of the IPB, mainly
spoil heaps, slags, roasted pyrite, heap leaching wastes and tailings. However, there is no clear relationship
between Tl content and the type of mining wastes. These wastes can suffer weathering, leading to an enrichment
of Tl in soils. Previous studies reported that <25% of total TI is easily extractable, being mainly adsorbed to
crystalline Fe oxides in acidic soils and Al oxides in neutral-alkaline soils. Despite this, Tl may be translocated by
plants. The translocation of Tl in plants of the IPB has not been properly addressed, however previous studies in
other areas showed a low phytoavailability of Tl compared to Cd and Zn, although Tl translocation appears to be
strongly controlled by plant species or by differences in TI speciation. The weathering of rocks, mine wastes and
soils may lead to the release of notable amounts of both dissolved and particulate Tl to the hydrosphere. In acidic
conditions, Tl seems to be mainly transported by the dissolved phase in AMD-affected streams and rivers, with
<15% being transported by the particulate matter. This latter Tl transport may be associated to its incorporation
into diatoms and Fe minerals such as jarosite after replacement of TI" by H' in their structure. Subsequent
release by desorption processes from jarosite and diatoms in acidic conditions can occur. This process has also
been observed in estuaries affected by AMD, thus, TI transported by jarosite minerals in the particulate matter
and diatoms are released back to the estuarine waters across the salinity gradient due to the increasing pro-
portion of unreactive TICI® and K* ions, which compete for adsorption sites in jarosite with TI'. Thus, enhanced
transport of Tl to the oceans is observed in AMD-affected systems.

1. Introduction

concentration of around 0.5 mg/kg (Rudnick and Gao, 2003). Thallium
has been historically used as additive in poisons and insecticides, how-

Thallium (T1), classified as a non-essential element for living or- ever primary current applications include, among others, medical usage
ganisms, is a ubiquitous metal in the Earth’s crust with a mean in cardiovascular imaging, gamma radiation detection equipment, high-
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temperature superconductors for wireless communications, infrared
detection and transmission equipment and light diffraction in acoustic-
optical measuring devices (USGS, 2022). World production was close to
10,000 kg in 2021 but due to the difficulty to identify deposits, global
reserves are unknown (USGS, 2022). This metal is commonly recovered
as a byproduct during processing/roasting of Pb-Cu-Zn and pyrite-rich
ore concentrates (Dill, 2010). Thallium is a relatively abundant element
in the Earth’s crust, in the same range of Sb, with values around 0.2 mg/
kg (Rudnick and Gao, 2003), however only 84 Tl minerals are described
according to the International Mineralogical Association. In turn, Tl is an
abundant minor component in several mineral groups. In this sense, due
to its geochemical affinity, TI" can replace K*, Rb", and Sr* in K-rich
micas and alkali feldspars (Tremel et al., 1997; Law and Turner, 2011).
Also, in hydrothermal systems, Tl is commonly bound to sulfides such as
pyrite, chalcopyrite, sphalerite, galena or marcasite (Lis et al., 2003).
The presence of Tl as impurity in the sulfide crystal structure tends to
decrease the mineral resistance to oxidation (Migaszewski and Gatuszka,
2021). Therefore, the majority of Tl in the Earth’s crust is associated
with potassium and sulfide minerals (Karbowska et al., 2014; Tatsi and
Turner, 2014). The weathering of rocks rich in these minerals leads to
increasing levels of this metal in soils, waters and sediments. For
example, several studies on Tl distribution in French, Austrian and
Chinese soils reported Tl concentrations ranging from 0.08 to 1.5 mg/kg
(Tremel et al., 1997). Although these values can be greatly exceeded,
reaching up to 5.19 mg/kg in some Chinese soils (Liu et al., 2019), they
are comparable to those provided by Salminen (2005), who reported a
median Tl concentration of 0.66 mg/kg in topsoils from across Europe
(n = 840). Based on measurements of Tl in a wide variety of large rivers,
Nielsen et al. (2005) suggested a global average concentration for river
water of 6.6 ng/L and a concentration for non-polluted rivers of 4.5 ng/
L. Flegal and Patterson (1985) reported average Tl concentrations in
seawater ranging from 10 to 15 ng/L.

Thallium is, like Cd, As, Pb, Hg, Cu or Zn, a highly toxic element
classified as priority pollutant by the U.S. Environmental Protection
Agency (Belzile and Chen, 2017). The toxicity of Tl is caused by its
absorption through the skin and mucous membranes, and its subsequent
distribution and accumulation in bones, renal medulla and, eventually,
in the central nervous system (Gomez-Gonzalez et al., 2015). This
element, commonly excreted in urine, may also pass through the
placenta and transferred to the breastmilk. Thus, the mobility of Tlin the
environment may constitute a serious concern, especially in those cases
where anthropogenic activities may increase T1 levels in environmental
compartments and therefore exposure to living organisms.

Power generating plants, mainly those using brown coal or coal from
the Jurassic period, with values of up to 1000 mg/kg (Smith and Carson,
1977), constitute the major sources of Tl emission into the atmosphere
(Kazantzis, 2000). After volatilization, Tl is condensed in particles and
deposited in the Earth surface, increasing the Tl levels in soils and
waterbodies. Other sources of particulate Tl into the environment are
cement and smelter plants, whose emission levels are dependent on the
Tl content of the raw materials used. Sulfide and coal mining may also
notably increase dissolved Tl concentrations in the hydrosphere during
acid mine drainage (AMD) processes. In fact, there are some studies
describing the occurrence of T1in AMD impacted regions worldwide. For
example, Aguilar-Carrillo et al. (2018) studied the geochemical distri-
bution and mobility of Tl in mining and metallurgical wastes deposited
in several mines from Mexico. These authors reported that Tl was usu-
ally found associated with labile fractions (i.e. ion-exchangeable and
reducible fractions) instead of entrapped in the environmentally-passive
residual fraction. Campanella et al. (2018) studied the distribution of
aqueous TI(I)/TI(IlI) in an abandoned mining area of Valdicastello
Carducci (Italy) as a function of light exposure and solution properties
and composition. Ma et al. (2022) discussed the redox transformation of
thallium in acidic solutions containing iron, concluding that UV light
and Hy05 could directly reduce TI(III) to TI(I), with the extent of
reduction dependent on the presence of Fe(IIl) and the solution pH, and
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therefore expanding our current understanding of geochemical Tl redox
cycling and its implications for evaluating the ability of Fe to induce
oxidation state changes in Tl species in the aquatic environment. Casiot
et al. (2011) reported Tl concentrations of up to 534 pg/L in a river
impacted by AMD downstream from the abandoned Carnoulés Mine
(France) and its sorption on Fe hydroxides. These values are around five
orders of magnitude higher than those found in natural river waters.
Recently, Canovas et al. (2021) studied the evolution of the dissolved
and particulate T1 concentration in the acidic Tinto River (Iberian Pyrite
Belt, IPB; SW Iberian Peninsula) and reported an annual dissolved Tl
load to the Atlantic Ocean of around 140 kg. However, to the best of our
knowledge, there are no comprehensive studies describing the sources
and fate of Tl in AMD affected areas at catchment scale, studying its
behavior within the different environmental compartments in the path
from the rocks to the ocean. In this sense, the IPB can be considered as a
natural laboratory to understand the behavior of Tl in the environment,
especially its mobility in rocks and soils and its transference to the water
bodies.

2. Material and methods
2.1. Site description

The IPB extends from Seville in South Spain to the Atlantic Ocean
coast in South Portugal (approximately 200 km long and 40 km wide)
and consists of three distinctive lithological units: the Phyllite-Quartzite
Group (PQ), the Volcano-Sedimentary Complex (VSC) and the Culm
Group (CG). The PQ group is composed of a thick sequence of shales and
quartzites of upper Devonian age while VSC materials (upper Devon-
ian-lower Carboniferous age) are composed of a volcanic sequence, with
a very variable thickness that can reach nearly 1300 m (Tornos, 2006),
with alternating episodes of felsic (dacites and, in lower proportion,
rhyolites) and mafic rocks (occurring as basaltic sills or small stocks)
intercalated in a sedimentary and volcano-sedimentary sequence of
shales. Felsic rocks are dominant (60%), with similar but lower pro-
portions (20% each) of mafic rocks and shales (Tornos, 2006). The VSC
only crops out 25% of the total surface of the IPB and changes
dramatically in a short distance due to the intrusive character of some
igneous rocks, the abundance of thrusts defining the major contacts and
the existence of several paleogeographic domains (Tornos, 2006). The
CG is a detrital unit of synorogenic turbidites of up to 3000 m thick,
mainly composed of shales and conglomerates of Carboniferous age.

The VSC hosts numerous massive and polymetallic sulfide deposits
with original reserves estimated at around 2000 Mt. (Almodovar et al.,
2019). Among them, one of the largest individual deposits of poly-
metallic sulfides is found, the Riotinto mining district, with original
reserves exceeding 500 Mt. Other deposits of importance (above 100 Mt)
are: Tharsis, La Zarza, Sotiel, Masa Valverde, Aznalcéllar and Las Cruces
in Spain, and Aljustrel and Neves-Corvo in Portugal. In addition, there
are around 50 deposits of lower importance distributed within the IPB.
Pyrite is the most abundant mineral in the massive sulfide deposits, with
the presence of other sulfides such as sphalerite, galena, arsenopyrite
and chalcopyrite but in much lower proportions. Tornos (2006) differ-
entiated two types of massive sulfide deposits according to the country
rocks: 1) shale-hosted orebodies at the southern part of the IPB with low
base metal grades, a stratiform morphology and fine grain sulfides; and
2) orebodies associated with felsic volcanoclastic rocks, located in the
northern area of the IPB, characterized by a clear zonation, with zones of
enrichment in Cu and others in Zn and Pb (Tornos, 2006). At a regional
scale, hydrothermal metamorphism modified the original volcanic and
subvolcanic rocks of the IPB (Sdez et al., 1999), while at a local scale,
strong hydrothermal alteration occurs related to stringer zones extend-
ing below the massive sulfide lenses, with an inner chloritic zone and a
peripheral sericitic zone around the sulfide deposits (e.g. Leistel et al.,
1998; Tornos, 2006). The chloritic zone is characterized by an extreme
leaching of Ca, Na and K, and enrichment in Al, Fe and Mg, whereas in
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the sericitic zone the loss of Ca and Na is accompanied by enrichment in
K and Al (Almodovar et al., 1998).

Due to its mineral richness, the IPB has been discontinuously
exploited since 3000 BCE for the extraction of mainly gold, silver and
copper (Nocete et al., 2005). The Roman period constituted an impor-
tant development of mining exploitation, whose traces remain today
throughout the IPB. Afterwards, mining activity decreased, continuing
sporadically during the Visigothic and Arab dominations and the Middle
Ages. In the middle of the XIX century, mining activity was restored and
sulfide deposits were more intensively exploited coinciding with the
Industrial Revolution until now. Then, nearly one hundred mines have
been active during 19th and 20th centuries with a total output of 300
Mt. of massive and polymetallic ores for the extraction of mainly S, Cu,
Pb and Zn (Sdez et al., 1999). The intense mining activity developed in
the IPB has left a huge environmental legacy; around 30.4 km? of waste
dumps, 8.19 km? of tailing dams, 7.1 km? of open pits, and 2.79 km? of
mining infrastructures are found only at the Spanish part of the IPB
(Grande et al., 2013).

Oxidation of sulfides contained in mine galleries, open pit walls and
mine wastes has led to severe pollution by AMD of the water bodies
draining the IPB. The most significant examples of AMD pollution are
the Tinto and Odiel Rivers, which are acidic and very rich in metals and
metalloids (mean values of 3.9 and 145 mg/L of Fe, 51 and 90 mg/L of
Zn, 12 and 88 mg/L of Cu, 0.2 and 4.7 mg/L of As, etc. for the Odiel and
Tinto Rivers respectively; Nieto et al., 2013). The low pH values (mean
values of 3.64 and 2.82; Canovas et al., 2007) recorded by both rivers
along their water course cause a large deliver of metals and metalloids
from AMD-producing sites to their common estuary, known as Ria de
Huelva. It is estimated that around 7900 t of Fe, 5800 t of Al, 3500 t of
Zn, 1700 t of Cu, 1600 t of Mn and minor quantities of other metals are
annually transported in the dissolved phase by both rivers (Olias et al.,
2006). This pollutant load is increased during flood events, when the
transport of particulate matter especially rich in Fe, As, and Cr, to the
estuary is significant (Canovas et al., 2012).

2.2. Sampling and analytical techniques

A total of 365 aqueous samples were obtained from different loca-
tions, including AMD sources, rivers and streams, estuarine and sea-
waters. AMD, river and stream waters were collected in different points
within the Tinto and Odiel river basins (Fig. SM1) during the period
(2011-2021), while estuarine and seawater data was obtained during
sampling campaigns performed from 2017 to 2019. Sample-containing
bottles were washed in 10% (v/v) nitric acid (HCl was used instead
for collecting seawater) and then rinsed with milli-Q water prior to
sampling. Samples were filtered through 0.22 pm, subsequently acidi-
fied with suprapure nitric acid (Merck) to pH < 2 and stored in a
refrigerator until analysis. Temperature, specific conductivity, pH and
redox potential (ORP) of waters were determined in situ. Redox poten-
tial values were corrected to obtain the potential referred to the H
electrode (Nordstrom and Wilde, 1998). The equipment was checked
and calibrated prior to carrying out the measurements. A total of 195
solid samples (i.e., mining wastes, Fe precipitates, sediments and
evaporitic sulfate salts) were collected during the same time period as
freshwater samples, and dried at room temperature, before performing a
chemical and mineralogical characterization. For the chemical analysis,
samples were digested using multiacid digestion until total dissolution
and subsequent analysis of the digestate. The solids were mineralogi-
cally characterized by X-ray diffraction (XRD) using a Bruker D8
Advance X-ray diffractometer with Cu Ka radiation (20 mA, 40 kV and a
step size of 2° 20/min, 3-65°), and by an environmental scanning
electron microscope coupled with a dispersive energy detector (ESEM-
EDS; FEI, QEMSCAN 650F).

Major elements (Al, Ca, Cu, Fe, K, Mg, Mn, Na, S, Si, and Zn) were
analyzed using inductively coupled plasma optical emission spectros-
copy (ICP-AES) on a Jobin Yvon (JY ULTIMA 2) spectrometer. Trace

Earth-Science Reviews 235 (2022) 104264

elements (As, Ba, Be, Cd, Co, Cr, Li, Ni, P, Pb, Rb, Sb, Sr, Sn, Ti, Tl, U, and
V) were analyzed by iCAP TQ inductively coupled plasma mass spec-
troscopy (ICP-MS), although in this work only the most relevant ele-
ments are included. In order to evaluate the analytical precision, a
triplicate analysis was performed, being differences below 5% in all
cases. The analytical accuracy was also assessed by the analysis of
reference materials (i.e., NIST-1640, SLEW-3, CASS-6, NASS-7). A
comparison between certified and measured values can be seen in
Table SM1. All elements in blanks were below the detection limit of the
technique which were analyzed during each analytical sequence. The
chemical composition of liquid (i.e., AMD, estuarine and coastal waters)
and solid samples (i.e., sulfides, gossans, evaporitic sulfate salts, AMD
precipitates and mine wastes) can be seen in the Supporting
Information.

2.3. Data acquisition and treatment

In addition to geological samples (i.e., waters, sediments, pre-
cipitates, rocks, wastes) collected by the research group, Tl information
has been collected through different sources. For example, chemical
data from 345 samples of local host rocks was obtained from ITGE
(1999) and Codeco et al. (2018). Chemical information from gossan
samples was extended from data (n = 12) reported by Hunt et al. (2016).
An exhaustive search of works dealing with TI distribution in AMD sites
and other environments was conducted using the indexed databases
Web of Science (WoS; http://www.webofknowledge.com/) and SCO-
PUS (http://www.scopus.com/). In addition, a comprehensive search
was also performed in international government agencies (e.g. European
Union, USEPA, and USGS). The procedure of literature retrieving was
initiated in both databases introducing initially the terms thallium and
distribution (2781 documents), refining the search with other terms
such as river (216 documents), rocks (172), ocean (79 documents), es-
tuaries (89 documents), sulfide mining (53 documents) and AMD (10
documents). Statistical analysis was performed using XLSTAT Basic
(Addinsoft). Spearman’s correlation coefficient was used since the
concentrations do not exhibit a normal distribution (Davis, 2002).

3. Results and discussion
3.1. Thallium content in rocks and oxidation products

Owing to its chalcophilic and lithophilic properties, the occurrence
of Tl in the IPB may be mainly associated with the high concentration of
sulfides, and other host rock minerals such as K-rich micas and alkali
feldspars. The mean content of Tl in the host rock, mainly acidic volcanic
rocks, is of 0.51 mg/kg (median value of 0.28 mg/kg; Table 1). In
general, Tl is enriched within K*—bearing silicates (Rader et al., 2018).
Because bonding is predominantly ionic, the atoms of alkaline earth
elements behave approximately as hard spheres containing a fixed-point
charge at their centers, thus the factors that most govern their behavior
in igneous rocks are ionic radius and charge (White, 2013). In this sense,
K, Rb, Cs, Sr, and Ba, are often collectively termed the large-ion-
lithophile (LIL) elements, and commonly have a similar behavior in
igneous rocks. Therefore, a common trend between Tl and these ele-
ments should be expected in volcanic rocks of the IPB. Fig. 1 represents
the concentration of T1 with respect to other elements in the host rocks,
while Table SM2 displays the Spearman correlation coefficients. As
shown in Fig. 1, it can be clearly seen a correlation between Tl, Rb (R2 =
0.63), K (R* = 0.53), Ba and Si (R* = 0.55), U (R* = 0.51) and Th (R =
0.54). On the other hand, an inverse relationship seems to be observed
between Tl, and Sr, NayO and Fe;O3 (Table SM2). Concerning the ty-
pology of volcanic rocks (i.e. acid, intermediate and basic), no differ-
ences were observed in Tl distribution with respect the silica content
(Fig. 1).

The mean content of TI in sulfides collected in the main mines of the
IPB (Fig. SM1) is noticeably higher than that observed in volcanic rocks
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Table 1
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Basic statistics of Tl concentrations in main environmental compartments studied within the IPB.

Host rock Sulfide Gossan AMD precipitates Wastes Sulfate salts AMD Estuarine waters Coastal waters
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg ug/L ug/L ng/L

n 343 37 59 25 55 19 252 77 36

Minimum 0.05 0.10 0.10 0.10 0.02 0.50 0.10 0.02 10

Maximum 9.2 129 18 46 59 49 8313 5.0 18

Mean 0.51 27 1.8 8.4 12.5 6.0 242 0.51 14

Median 0.28 12 0.40 1.5 7.02 3.6 6.4 0.17 14

Standard Deviation 1.1 35 3.1 16 14 11 1080 1.0 2.3

Percentile 25 0.14 3.0 0.20 0.20 3.05 1.5 1.9 0.09 12

Percentile 75 0.49 34 2.1 5.1 15.8 4.5 35 0.43 16

of the IPB, with 27 mg/kg (interquartile range of 3.0 to 34 mg/kg,
Table 1). These values agree well with other sulfide deposits reported
worldwide (e.g., 19-56 mg/kg, Yang et al., 2009). The occurrence of Tl
in sulfides has been previously associated to Pb?t and As®' bearing
sulfides, while Fe bearing sulfides generally have little to no Tl enrich-
ment (Rader et al., 2018). Fig. 2 shows the relationship between Tl and
some elements commonly found in sulfides of the IPB as major or minor
components. As can be clearly seen, there is no apparent correlation
between Tl and Fe sulfides (R? = 0.16; Table SM3), as reported by Rader
et al. (2018). However, no correlations were neither observed between
Tl, As, (R2 = 0.20), and Pb (R2 = 0.06), nor other metals present in
sulfides except slightly for Zn (R? = 0.56), Sb (R? = 0.50), and Cu (R® =
0.49) (Table SM2).

Sulfides are stable in reducing conditions, however when they are
naturally exposed to atmospheric conditions, sulfide oxidation takes
place (Eq. 1-2), leading to the formation of acid rock drainage (ARD)
and oxidized rocks commonly known as gossans (Eq. 3) which are rich in
Fe oxyhydroxides and oxides (i.e. goethite and hematite, respectively).
These reactions are highly enhanced during mining activities, which
promote the exposure of sulfide to oxygen, giving rise to acid mine
drainage (AMD) processes. The acidity released during these reactions
causes the dissolution of host rock minerals, which may also host trace
concentrations of Tl. Therefore, during these reactions Tl is commonly
partitioned among these oxidation products.

FeS,(s) +7/2 0,(g) + H,O—Fe*" (aq) +25S0,°" (aq) + 2H" (aq) + energy

(Eq. 1)
Fe**(aq) + % O,(g) + H' (aq)—>Fe** (aq) + % H,0 + energy (Eq. 2)
Fe*" (aq) 4+ 2H,0 <> FeOOH(s) +3H" (aq) (Eq. 3)

The mean content of Tl in gossans, the main sulfide oxidation
product, in samples collected along the main mines of the IPB (Fig. SM1)
is of 1.8 mg/kg, with an interquartile range of 0.20 and 2.1 mg/kg
(Table 1). It is therefore evident the Tl depletion in gossan with respect
to sulfide (27 mg/kg of average, interquartile range of 3.0-34 mg/kg;
Table 1). This Tl depletion in gossan, like other elements contained in
original sulfides (e.g., S, Mo, Hg, Cd or Se) was previously reported by
Capitan (2006). However, maximum values of 18 mg/kg were observed
(Table 1), probably associated to incomplete sulfide oxidation. Fig. 3
shows the relationship between Tl in gossans and some selected ele-
ments while Table SM4 shows the Spearman correlation coefficients.
Unlike other elements such as As or Pb, commonly concentrated in
gossan during sulfide oxidation processes, Tl appears not to be especially
hosted by gossans (Fig. 3) after sulfide oxidation, as evidenced by the
lack of correlation between Tl and Fe (R? = —0.16). Such correlations
were neither observed between Tl and the rest of chalcophile elements
(i.e. S, Cu, As and Sb; R?= —0.41-0.28, Table SM4). Only in the cases of
Al (R? = 0.50) and Rb (R® = 0.43), an apparent correlation is observed
(Table SM4), due probably to the uncomplete dissolution of the host
rock during sulfide oxidation. In this sense, high concentrations of Tl in
gossans could be attributed to the presence of remnant pyrite by

inefficient oxidation or by incongruent dissolution of aluminosilicate
contained in the host rocks, which could have retained TI.

The low contents of Tl observed in gossans suggest a predominant
release of this element into the acid waters. The mean Tl content in AMD
sources sampled in the IPB (Fig. SM1) is of 242 pg/L, although this value
is strongly affected by the extreme Tl concentrations observed in some
AMD sources; for instance, a maximum value of 8313 pg/L was observed
in the Tharsis mining district, which is similar to that reported in Val-
dicastello Carducci (Italy, 9000 pg/L; Campanella et al., 2016) and
higher than others in the IPB (2318 pg/L; Sarmiento et al., 2018), Greens
Creek (Canada, 5900 pg/L; Lindsay et al., 2015), Carnoules mine
(France, 534 pg/L; Casiot et al., 2011), Iron Mountain (US, 200-400 pg/
L; Nordstrom et al., 2000) and Pearl River basin (China, 194 pg/L; Liu
etal., 2017). Considering the median value, the Tl concentration in AMD
sources studied is of 6.4 pg/L (interquartile range of 1.9-35 pg/L;
Table 1). These values contrast with those of 4.5 ng/L reported by
Nielsen et al. (2005) for non-contaminated streams, 3 orders of magni-
tude lower than those observed in AMD samples.

Fig. 4 and Table SM5 shows the relationships between Tl and some
elements in AMD samples and their correlation coefficients. The
mobility of Tl in AMD systems seems to be strongly controlled by acidity.
This fact can be clearly seen in Fig. 4, where an inverse relationship
between Tl and pH (R? = —0.61) is observed. Consequently, the
maximum values of Tl (8313 pg/L) were observed at pH values close to
0. The importance of sulfides as T1 contributor to mine waters appears to
be clear; high correlation coefficients are observed between Tl and Fe
(R?=0.81), As (R* = 0.78), S (R? = 0.78) and to a lesser extent Cu (R =
0.65), Cd (R* = 0.63), Zn (R* = 0.61) and Pb (R? = 0.58). In the case of
lithophile elements, no correlations were observed with K, Rb and Al
(Fig. 4). The same affinity observed for T, Fe, As or Pb in AMD could be
linked to the same origin in sulfides. The lack of correlation between T1
and these elements in sulfides (Table SM3) could be related to a nugget
effect of Tl in these minerals. Thus, the complete dissolution of Tl-carrier
sulfides may cause significant correlation of Tl with these elements in
AMD, despite the lack of correlations in bulk sulfides.

During the dissolution of sulfides and gangue minerals significant
amounts of dissolved cations and anions are released into waters. If
these ions reach saturation levels, the precipitation of secondary min-
erals can take place. These secondary minerals possess large surface
areas; thus, they may adsorb or coprecipitate significant quantities of
trace elements including metals and metalloids (Lottermoser, 2010),
among them TI. In this sense, jarosite has been reported as a strong
scavenger not only of TIT, due to its similarity in size and charge with
K, but also for TI>* by Fe>* substitution (Dutrizac et al., 2005). The
precipitation of this mineral, widely reported in the IPB (e.g. Sanchez
Espana et al., 2005; Canovas et al., 2007; Lopez-Arce et al., 2019), is
expected to occur under oxidizing, ferric and sulfate-rich, and acidic
(pH < 3) environments, although its stability is limited by conversion to
more stables phases such as goethite or hematite (Barron et al., 2006;
Ryu and Kim, 2022). Saturation indices (SI) of AMD leachates in the IPB
indicate oversaturation of waters with respect to jarosite (median value
of SI of 5.8, interquartile range (IR) of 3.9-7.0; n = 225) over schwert-
mannite (SI of —1.7, IR of —7.0-1.9). Thus, the mean TI content in AMD
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Fig. 2. Relationship between Tl concentrations and some elements in sulfides of the IPB (results from this study).

precipitates studied along the main mines and watercourses of the IPB
(Fig. SM1), composed mainly of jarosite and to a lesser extent
schwertmannite, is of 8.4 (median values of 1.5 mg/kg, interquartile
range of 0.20-5.1 mg/kg; Table 1), with maximum values of 46 mg/kg
in jarosite-rich samples. Jarosite may transform with time into more
stable mineral phases, such as goethite, remaining most metals in the
solid phase during this ageing process (Barron et al., 2006; Ryu and Kim,
2022). However, the fate of Tl during this mineral transformation re-
mains unknown and should be therefore addressed.

The precipitation of other secondary minerals may be also a sink for
Tl in AMD environments. For example, the precipitation of evaporitic
sulfate salts constitutes a transient storage of sulfate, acidity and metal/
loids. These minerals, formed by evaporation of highly acidic sulfate
waters on wet surfaces, seeps and rock fractures, slow down metal
pollution in AMD environments, but only temporarily until the arrival of
rainfalls, when the dissolution of these salts leads to dramatic episodes
of metal pollution (e.g. Alpers et al., 2000; Canovas et al., 2010). Despite
the existence of studies dealing with the formation and chemical
composition of sulfate salts in the IPB (e.g. Buckby et al., 2003; Sanchez
Espana et al., 2005; Romero et al., 2006), the presence of Tl in these
efflorescent sulfate salts has not been previously reported. Samples
collected in different mine sites of the IPB (Fig. SM1) reveal the affinity
of these minerals to incorporate Tl if this element is abundant in the
initial solution; up to 49 mg/kg of Tl was observed in sulfate salts
(interquartile range of 1.5-4.5 mg/kg; Table 1). In the same way, Tl
accumulated in evaporitic sulfate salts would be released back to wa-
tercourses during the first rainfalls after summer.

3.2. Thallium distribution in sulfide mine wastes

Thallium could be also mobilized during mineral extraction and
processing in mining areas. In this sense, Chen et al. (2013) reported the
mobility of Tl during the roasting of Tl-bearing pyrite to obtain sulfuric
acid; 40% of Tl initially contained in pyrite was mobilized during the
roasting, while the remaining 60% remained relatively stable in the
residual phase. However, the ore mineralogical composition and the
temperature of roasting seem to be critical factors in the mobility of Tl
during mineral processing. This issue was addressed by Lopez-Arce et al.
(2017), who studied the fate of Tl during the roasting of Tl-bearing Fe
sulfides from the IPB under controlled conditions in laboratory. These
authors reported that sulfide oxidation leads to the formation of Fe ox-
ides rich wastes with different concentrations of Tl. On the one hand,
samples with high amounts of quartz (>50%) and lower sulfur content
(<30%) mainly developed hematite and concentrated Tl contents from
10 to 72 mg/kg as a function of the firing temperature, rising up to
900 °C. On the other hand, samples with lower contents of quartz
(<12%) and higher sulfur content (>35%) led to the formation of
magnetite, and accumulated lower amounts of Tl (from 10 to 29 mg/kg
at 400-500 °C and from to 1 to 4 mg/kg at 700-900 °C). More recently,
Lopez-Arce et al. (2019) suggested that geogenic Tl might be originally
hosted by pyrite structure, and after roasting a transference of Tl to TI(I)-
substituted jarosite is observed.

The exposure of mine wastes (e.g., roasted pyrite, spoil heaps, slags,
tailings, etc.) to weathering may constitute a significant source of T1 to
soils and water courses, especially in areas historically affected by
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Fig. 3. Relationship between Tl concentrations in gossan and some selected elements (from Hunt et al., 2016 and results of this study).

mining. For example, Yin et al. (2021) revealed that long-term leaching
and weathering of tailings can lead to the increased acid-extractable and
oxidizable fractions of Tl, and that the exposure and dissolution of TI-
containing sulfides would largely enhance the flux of Tl release. A
mean TI content of 8.4 mg/kg has been observed in wastes deposited
along the main mines of the IPB (Fig. SM1) (interquartile range of
3.0-16 mg/kg; Table 1). No correlations were observed between Tl and
other elements (i.e. S, Fe, As, Pb, K) neither the Fe mineral type (i.e.,
pyrite, jarosite, hematite, goethite) in mine wastes. However, the most
striking fact is the inverse relationship between the grain size and TI
concentrations when mine wastes are subjected to traditional leaching
test with waters (e.g., EC-12457 (CEN, 2002); solid:liquid ratio of 1:10
in agitation for 24 h) to study their reactivity upon rainfalls; the smaller
size the higher concentration of Tl in the extraction (Fig. 5). This fact has
serious environmental implications due to the greater specific surface of
smaller particles, leading to a higher reactivity to weathering agents.

3.3. Soil pollution and TI translocation in plants

Physical weathering of mine wastes may cause soil pollution.
Alvarez—Ayuso etal. (2013) studied the distribution and mobility of Tl in
soils impacted by sulfide mine wastes in central Spain and reported that
Tlin soils is not of great concern since the mobilizable content represents
only a small fraction of the total content. These results agree well with
those of Lopez-Arce et al. (2019), who reported that Tl is mainly
concentrated (85-99%) in the residual fraction of soils and sediments
affected by pollution from roasting heaps of As and Tl bearing pyrite in
the Riotinto mining district (IPB). These authors also reported a decrease

in Tl pollution with distance from the heaps. Accidental spills may often
cause severe Tl soil pollution episodes. The most outstanding example in
the IPB is the Aznalcéllar mine spill in 1998, when approximately 4
million m® of acidic water and 2 million m® of toxic pyritic mud con-
taining high amounts of heavy metals were released to the Agrio River
and then passed to the Guadiamar River. In total, around 100 ton of Tl
were released and deposited in soils (Grimalt et al., 1999). Although
remediation measures were immediately put into practice to reduce
metal pollution in these soils, the total Tl content in the surface horizon
increased with respect to the background level >4-fold in the uppermost
10 cm of the soils (Martin et al., 2004). These authors also reported that
approximately 75% of total Tl was in non-extractable forms, either as a
component of the particles in the tailings or adsorbed to crystalline
oxides. In acidic soils, the adsorption of Tl was mainly dominated by iron
oxides and in neutral-alkaline soils by aluminum oxides. Enhanced T1
levels in soils affected by sulfide mining contrast with the low concen-
trations observed in natural soils of the study area (Parviainen et al.,
2022).

Although the fraction of easily soluble Tl contained in mine soils
seems to be low, some previous studies evidence that Tl may be trans-
located by plants. For example, Wang et al. (2022) reported Tl con-
centrations of up to 3.74 and 1.16 mg/kg in cabbage (Brassica oleracea
L.) and radish (Raphanus sativus L.), respectively, that exceeded the
maximum permissible level (0.5 mg/kg) for food. This transference of Tl
from soils to plant tissues (roots and leaves) may pose a risk of bio-
magnification or even become cause of death in living organisms; T1
concentrations higher than 200 mg/kg of dry weight in the diet turned to
be lethal for cattle (Tremel et al., 1997). Unlike in other mine sites
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worldwide, translocation of Tl in plants of the IPB has not been properly
addressed. Madejon et al. (2007) studied Tl accumulation in plants (i.e.,
Brassicaceae family) growing in polluted soils after the Guadiamar
mining spill. These authors report high concentration of Tl in tissues and
significant positive correlations between total Tl in soil and Tl in plants,
and this accumulation seems to be strongly associated with rainfalls
distribution. Alvarez-Ayuso et al. (2013) reported a low phytoavail-
ability of T1 compared to Cd and Zn in soils from central Spain. Different
results were obtained by Pavoni et al. (2017) who studied the TI bio-
accumulation in Buckler mustard (Biscutella laevigata) nearby a
decommissioned Zn—Pb mine in NE Italy. This study evidences a
marked capacity of this specie to bioaccumulate trace metals, especially
Tl, in the plant tissues. These dissimilar results may be caused by the
different plant species or by differences in Tl speciation. At this respect,
Krasnodebska-Ostrega et al. (2012) reported a preferential bio-
accumulation and translocation of T1(III) instead of T1(I) in soils polluted
with Tl-rich tailing sediments. Thus, the bioaccumulation of Tl in
autochthonous species of the IPB such as Cistus ladanifer, Erica australis
L., Erica andevalensis or Ulex eriocladus should be addressed as well as
the influence of Tl speciation on translocation rates. In this sense, there
are species tolerant to metals such as Erica australis L. and Erica ande-
valensis, which have been considered suitable for phytostabilization of
metal polluted sites in abandoned mining districts of the IPB (Pérez-
Lopez et al., 2014). However, to our knowledge, such factors have not
been properly studied until now.

3.4. Thallium mobility during AMD treatment

In spite of being found at lower concentrations than other toxic
metal/loids such as Cd, As, or Pb, Tl needs to be removed from mine
waters in order to avoid impacts on the environment and human health.
Such disposal is commonly accomplished by either active or passive
treatments, being the latter usually adopted in abandoned mines
(Johnson and Hallberg, 2005). However, there is no consensus about the
mobility of Tl during the AMD treatment. For example, Law and Turner
(2011) reported a removal of around 65% of Tl during the active
treatment of AMD by lime-dosing at the Wheal Jane mine (UK). This
value is noticeably lower than that of 95% observed for other pollutants
such as Cd, As, Cu, Fe, Mn, Ni, Pb, and Zn upon this treatment and
attributed to the higher solubility of TI(I) than TI(III), which can be in
turn efficiently removed by precipitation.

Torres et al. (2018) studied at lab scale a combined treatment of
AMD by successive columns of limestone and barium carbonate
dispersed in an inert porous matrix of wood shavings, a technology
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known as disperse alkaline substrate (DAS) (e.g. Macias et al., 2012;
Ayora et al., 2013). While the limestone treatment caused a limited T1
removal (from 38 to 33 pg/L), the barium carbonate treatment was able
to remove Tl to values below the detection limit (< 2 pg/L). However,
different results have been obtained at full scale by Orden et al. (2021) in
the limestone-based passive treatment plant of Mina Esperanza (IPB),
near to Concepcion mine (Fig. SM1), proving a high effectiveness
removing Tl from mine waters. This treatment plant is initially
composed of a natural Fe-oxidizing lagoon (NFOL) of around 100 m?
(Fig. 6A), which enhances iron oxidation and the removal of Fe (18%)
and As (61%) by schwertmannite precipitation. An average removal of
4.9% of Tl was also observed (Fig. 6B) due likely to sorption onto
schwertmannite. However, once the water came successively into con-
tact with limestone-filled tanks the removal of Tl was almost complete
(Fig. 6B). A detailed examination of the compositional profile of the first
limestone tank (TR-1, Fig. 6A), where most dissolved metal/loids are
removed (e.g. 99.8% of As, 99.6% of Al, 96.6% of Tl and 76.9% of Fe;
Fig. 6C), would allow identifying relationships among elements and
inferring the mechanism responsible for Tl depletion inside the tanks. As
can be seen in Fig. 6D, there is a surface layer rich in Fe and As due to the
intense precipitation of schwertmannite, decreasing their concentration
downwards. However, Al and Tl follow a saw tooth pattern with high
values found at different levels of the tank (Fig. 6D). The mechanism
behind such TI removal is not clear. Although Tl is commonly incorpo-
rated in the structure of jarosite, its presence in schwertmannite, the
main Fe mineral formed in DAS treatment, has not been reported. To our
knowledge, the incorporation of Tl into Al minerals has neither been
reported, and despite following a similar pattern in the tank, both ele-
ments show a poor correlation (R? = 0.46). Therefore, the removal of
this element may be related to sorption processes. Lin and Nriagu (1998)
modeled, using a two-layer adsorption model, the surface adsorption of
TI() and TI(III) on ferrihydrite. These authors reported an initial
adsorption of TI(I) at pH 3, being completely adsorbed by pH 6. On the
other hand, the adsorption of TI(III) significantly started at pH 4.6 and
was completely adsorbed by pH 6.5. Values of pH along the tank remain
above pH 6 during the whole operation of the plant, thus these condi-
tions would favor sorption processes onto Fe minerals. The long resi-
dence time recorded in the tank (24 h) may favor the intensity of such
processes and would explain the better performance of this AMD treat-
ment in relation to others previously reported (e.g. Law and Turner,
2011; Torres et al., 2018). The existence of preferential flow channels
inside the tank may also cause the existence of Tl-enriched zones in
depth.

3.5. Thallium transport in acidic water courses

The weathering of rocks, mine wastes and soils may lead to the
release of notable discharges of both dissolved and particulate Tl to the
hydrosphere. Then, different geochemical processes may control the
mobility and fate of Tl in aqueous solutions. For instance, sulfide pre-
cipitation may scavenge dissolved Tl in sediments of lakes and rivers
under anoxic conditions (e.g., Xiong, 2009; Smeaton et al., 2012).
Conversely, upon these conditions Tl could be released to the water
column after reductive dissolution of Fe and Mn oxides, which may
sequester significant concentrations of TI(III) (Nriagu, 1998). However,
despite the oxic conditions observed in AMD systems, T1(I) may pre-
dominate due to the high redox potential of the TI(III)/TI(I) couple
(Casiot et al., 2011) and also probably due to the UV-mediated reduction
of TI(III) to TI(I) in acidic Fe(Ill)-rich solutions (Ma et al., 2022).
Different works have dealt with the mobility and transport of Tl in AMD
affected water courses. Casiot et al. (2011) studied the mobility of Tl
released from the Carnoules mine (France) to the acidic Reigous Creek
(pH 3.0-4.5), which feeds the Amous River (pH > 7). These authors
reported a low percentage of Tl in the particulate phase (<10%) and a
quasi-conservative behavior of Tl due to the low affinity of TI(I) for Fe
oxide phases (i.e. ferrihydrite). More recently, Canovas et al. (2021)
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Data from this study.

reported the evolution of dissolved and particulate Tl in the acidic Tinto
River during a whole hydrologic year, including different flood episodes.
These authors reported similar percentages of particulate transport of Tl
(average of 12%) as Casiot et al. (2011), with a high correlation with Si
and Fe in the particulate matter. In this sense, the precipitation and
dissolution of secondary minerals is an important driver of metal con-
centrations in AMD-affected environments. Lanmuchangite, an alumi-
nosulfate of Tl (i.e., TIA1(SO4)2-12H20), has been suggested as potential
scavenger of Tl in acid mine waters enriched with aluminum and sulfate
(Xiong, 2009). Although AMD waters may be oversaturated with respect
to this mineral (Fig. 7A), its occurrence has been only reported in
extremely Tl-rich ore deposits (Xiong, 2009) and no described cases of
the existence of this mineral in AMD-affected river courses are found in
literature. Instead, jarosite (i.e., KFe3(SO4)2(OH)g) seems to play a major
role in T1 mobility in AMD systems, since T1 can substitute both K and Fe
(1) in the mineral structure (Dutrizac et al., 2005). Fig. 7B shows the
evolution of the saturation index (SI) of jarosite in the Tinto River in its
middle course (Gadea; Fig. SM1), where oversaturation is observed most
of time coinciding with low pH values (<3), except during especially
intense flood events (pH > 3), when the precipitation of other Fe mineral
phases (e.g. schwertmannite or ferrihydrite) may be favored. Arsenic is a
metalloid whose concentration is also strongly controlled by jarosite
precipitation in AMD systems (Asta et al., 2010). As can be seen in
Fig. 7C, Tl and As followed a similar evolution in the Tinto river waters,
exhibiting a high correlation. This fact contrasts with previous findings
from Casiot et al. (2011) and Liu et al. (2017) who reported a negative
correlation with As, attributed to the higher retention of As in Fe min-
erals compared with T1. This discrepancy may be related to the nature of
the predominant in-stream precipitating Fe mineral, jarosite in the case
of Canovas et al. (2021) and ferrihydrite, with a lower Tl removal ca-
pacity, in Casiot et al. (2011).

In addition, other geochemical processes may affect the mobility of
Tl in acidic systems. For instance, the release of acid waters during the

10

washout of soluble salts, especially in semiarid catchments, may induce
Tl enrichment in acidic waters. This fact can be seen in Fig. 7C, where a
group of samples deviated from the correlation line between As and TI.
Canovas et al. (2021) attributed this fact to desorption processes from
jarosite accumulated in the riverbed by replacement of TI* by H' in the
mineral structure of jarosite, after the washout of evaporitic salts.
However, these authors also hypothesized that this quick Tl release
could be related to desorption processes from diatom frustules, ubiqui-
tously found in acidic rivers, which has been reported to scavenge Tl in
mine sites (Gomez-Gonzalez et al., 2015).

3.6. Thallium behavior in AMD-impacted estuaries and coastal waters

After subaerial volcanism (42-700 Mg/a), rivers can be considered
the second main source of dissolved and particulate Tl to the oceans,
with values ranging from 76 to 380 Mg/a (Nielsen et al., 2017). This
transport is especially significant in those rivers impacted by mining
activities (e.g., Casiot et al., 2011; Canovas et al., 2021). In estuaries,
sharp geochemical processes take place when freshwaters mix with
seawater, leading to intense interaction between suspended particles
and the water column (Turner and Millward, 2002). Several studies
describing Tl partitioning in estuaries have been published in the last
years (e.g., Nielsen et al., 2005; Turner et al., 2010; Anagboso et al.,
2013; Boning et al., 2017). These works linked the mobility of Tl to the
remobilization of Fe and Mn-rich suspended particles in highly turbid
zones occurring at low and intermediate salinities (Nielsen et al., 2005),
or the formation of organic complexes (Boning et al., 2017). However,
these estuaries do not suffer an intense pressure of mining such as AMD-
impacted estuaries. Recently, Canovas et al. (2022) studied the seasonal
distribution and behavior of Tl in the Tinto and Odiel river estuaries, one
the most metal polluted in the world due to historical sulfide mining
activities. Dissolved Tl concentrations (i.e., from 0.02 to 5.0 pg/L of TI;
Table 1) recorded in this study were up to 3 orders of magnitude higher
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Fig. 7. Saturation indices (SI) of Tinto River waters with respect to lanmuchangite (T1*Al(SO4),-12H,0) (A) and jarosite (KFe3"(S04)2(0OH)e) (B); and relationship
between dissolved Tl and As concentrations in the Tinto River waters (data from Canovas et al., 2021).

than those observed in other estuaries worldwide and exceeded in some
cases the threshold values (i.e., 0.24-0.47 pg/L) established by the
USEPA for human health. Unlike other estuaries worldwide, where a fast
decrease in dissolved TI concentration is usually observed due to intense
sorption process, increases in Tl concentrations with salinity were
observed in the upper reaches of the Tinto and Odiel rivers estuaries,
attributed to desorption processes from particulate matter. Both chem-
ical and mineralogical evidences pointed out at jarosite as the main
driver of Tl transport in the estuary, releasing Tl back to the water
column from across the salinity gradient due to the increasing propor-
tion of unreactive TICI® and K* ions, which compete for adsorption sites
in jarosite with TI' at increasing salinities. This desorption process
caused a 6-fold increase in estuarine dissolved Tl concentrations with
respect to expected Tl concentrations during the conservative mixing of
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river and seawaters. These desorption processes can be enhanced if
accidental mine spills take place in the catchments, like that occurred in
2017 in the Odiel River (Olias et al., 2019), which increased the dis-
solved and particulate loads to the estuary and caused a 11-fold increase
of estuarine dissolved Tl concentrations. Therefore, Tl behavior in es-
tuaries depends on several factors such as the riverine dissolved T1
concentration, the abundance and properties of organic matter or the
amount and nature of particulate matter within the estuary. The release
of Tl through estuary may enhance the Tl concentration in coastal wa-
ters. In this sense, concentrations in coastal waters within the Gulf of
Cadiz ranged from 10 to 18 ng/L (Table 1), close to the highest Tl
concentrations in seawater worldwide (Belzile and Chen, 2017).
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4. Conclusions

This work reviews the occurrence of Tl in different environmental
compartments (e.g., rocks, soils, mine wastes, plants, water courses,
estuaries and coastal waters) of AMD-affected systems, focusing on the
IPB as representative example worldwide. The mean content of Tl in the
host rocks of the IPB, mainly acidic volcanic rocks, is of 0.51 mg/kg
(interquartile range -IR- of 0.14-0.49), exhibiting moderate positive
correlations with lithophile elements such as K and Rb. The mean con-
tent of Tl in sulfides of the IPB is noticeably higher than that observed in
volcanic rocks, with 27 mg/kg (IR of 3.0-34 mg/kg), in agreement with
other values reported worldwide.

During sulfide oxidation processes, significant amounts of acidity are
released which may attack host rocks causing an incongruent dissolution
of minerals. The dissolution of both sulfide and host rock minerals leads
to the release of Tl to the water courses and the depletion of Tl in gos-
sans, enriching AMD waters in Tl (average of 242 pg/L, IR of 1.9-35 pg/
L). The intense oxidation of sulfides in these environments leads to the
occurrence of high Tl concentrations (up to 8.3 mg/L), several orders of
magnitude higher than those reported in natural waters (commonly
below ng/L). This release is strongly controlled by acidity, as evidences
the negative correlation between Tl and pH. Unlike in parent materials
(i.e., sulfide and host rock minerals), high positive correlations are
observed in AMD leachates between Tl and other elements commonly
contained in sulfides such as Fe, S, As, Cu or Zn, which pointed to sul-
fides as predominant source of Tl over host rock minerals.

The precipitation of secondary minerals, with large surface areas,
may be a sink of Tl in AMD-affected areas, especially in jarosite minerals.
However, redissolution and desorption processes can release back Tl
into the watercourses. The treatment of AMD in alkaline passive treat-
ment systems can be also a sink for Tl, as evidenced by previous works,
however, the mechanism of removal remains unclear, pointing to
sorption processes onto Fe and Al secondary minerals (i.e., schwert-
mannite and basaluminite) as potential drivers of such depletion from
AMD. Mine wastes may also contain significant concentrations of Tl. An
average TI content of 8.4 mg/kg (interquartile range of 3.0-16 mg/kg)
has been observed in wastes dumped in abandoned mines of the IPB,
mainly spoil heaps, slags, roasted pyrite, heap leaching wastes and
tailings. However, there is no clear relationship between TI content and
the type of wastes studied. These wastes can suffer weathering, leading
to an enrichment of Tl in soils and subsequent translocation by plants.

The weathering of rocks, mine wastes and soils may lead to the
release of notable loads of both dissolved and particulate Tl to the hy-
drosphere. In acidic conditions, T1 seems to be mainly transported by the
dissolved phase in AMD-affected streams and rivers. However, Tl can be
significantly incorporated into Fe minerals such as jarosite and even in
the structure of diatoms, in some cases temporarily, being released back
due to desorption processes by competition for sorption sites. This
process has also been observed in estuaries affected by AMD across the
salinity gradient due to the increasing proportion of unreactive TICI
and K" ions, which compete for adsorption sites in jarosite with T1* at
increasing salinities. Thus, enhanced transport of Tl to the oceans is
observed in AMD-affected systems. However, some questions on TIl
mobility in AMD systems need to be answered such as the fate of Tl
during Fe mineral transformation processes, the translocation of Tl by
plants from contaminated substrates and the influence of Tl speciation
on translocation rates or the mechanisms behind Tl removal in treat-
ment systems.
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