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Thallium (Tl) is a rare metal with toxic effects notably harmful to human health and the 
environment. In this article, the natural occurrence of Tl was evaluated in a deactivated manganese 
mine located in the western region of Bahia, Brazil. The extraction procedure with aqua regia 
was used to dissolve the soil, sediment, and tailings samples. The Tl content was determined by 
differential pulse anodic stripping voltammetry (DPASV) and manganese (Mn) and iron (Fe) by 
flame atomic absorption spectroscopy (FAAS). The Tl levels ranged from 0.64 to 473 mg kg-1, 
triggering an alert since most of the samples (soil and sediment) analyzed presented Tl 
concentrations above 1.0 mg kg-1, recognized as the maximum limit recommended by environmental 
agencies in North America and Europe.
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Introduction

Mining activities are known to have a high environmental 
impact. The extensive areas occupied by mines, as well as the 
steps involved in the process of extracting ores, cargo handling 
operations and the tailings generated, represent risks for 
populations in different regions of the planet. There is a vast 
amount of scientific studies1-12 regarding metals and metalloids 
effects on ecosystems, environmental, and human health. 

In many deactivated mining areas, environmental 
monitoring studies were carried out, especially in order 
to access the potential for dispersion and geochemical 
mobility of metallic species, due to the inadequate 
management of tailings and residues in these sites.2,7,10,13-24

Thallium (Tl) is a rare, non-essential, and high toxicity 
metal available in the environment for living beings.3,8,9,25,26 
It overcomes the toxicity observed for elements such as 
arsenic, cadmium, lead and mercury,26,27 being lethal at 
doses in the range of 8 to 10 mg kg-1 for adult humans.28-30 
It is considered a dangerous agent by the World Health 
Organization (WHO),31 and characterized as a priority 
pollutant by the United States Environmental Protection 
Agency (USEPA).32

The assimilation and, consequently, contamination of Tl 
are mainly attributed to the similarity between the Tl+ and 
K+ ions, results in metabolic processes disorders associated 
with potassium (K) in the body.33 Human Tl intoxication 
may occur through inhalation, dermal absorption and 
ingestion of contaminated food and/or water. If present 
in the bloodstream, Tl is transported throughout the body, 
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accumulating in the bones, kidneys and central nervous 
system.8

It is estimated that in 2018, the global production of 
Tl was close to 8,000 kg.34 According to Liu et al.,7 the 
majority of Tl deposits are concentrated in the Northern 
hemisphere (Europe, Asia, and North America), with 
some deposits existing in the Southern hemisphere (South 
America and Oceania). The countries with the most Tl 
deposits are Macedonia, Switzerland, the United States, 
France, and China.18,35-37 In 2005, new deposits with 
substantial levels of Tl have been identified in Brazil, China, 
Macedonia, and Russia.34

The geological environment of Tl minerals is different 
in many parts of the world, but most Tl is found in sulfide 
deposits of Pb, Zn, Fe, Cu, As, Au, Ag, Hg, Sb, Se, or 
Sn.38-42 Tl ores, independent of other metals in composition, 
are very rare. So far, around 50 have been discovered in 
nature. They include sulfosalt minerals, sulfide minerals, 
selenide minerals, sulfate minerals, sulfur chloride mineral, 
and oxide mineral.7,8

The State of Bahia (BA), Brazil, stands out geochemically 
for presenting important manganese districts, such as Serra 
da Jacobina, Urandi-Licínio de Almeida, in Southern 
Bahia, and the most expressive in western Bahia. In the 
municipality of Barreiras-BA, in the western region of 
Bahia state, the first known worldwide occurrence of 
manganese-cobalt-thallium association was discovered in 
a continental geological environment. However, in a list 
of more than 50 registered occurrences of manganese ore 
in the western region-BA, geological, geochemical and 
environmental impact studies are still incipient, as in the 
case of Perdizes Mine.43

The Perdizes Mine is located in the municipality of São 
Desidério, approximately 50 km from the city of Barreiras. 
In the 1980s and 90s, it was the main mining enterprise in 
western of Bahia, intended for the production of Mn ore 
for the national steel industry.43

Various reviews articles12,18,44,45 associating Tl with 
public health and environmental contamination can be 
found in the specialized literature. A compilation of 
incidents involving the contamination of rivers by Tl in 
provinces of China between 2010 and 2018, and recent 
technologies for Tl removal from wastewater was presented 
in the literature.7

In the present study, the occurrence of Tl was evaluated 
in soil samples and ore tailings, from an area where a 
deactivated manganese mine is located, called Perdizes 
Mine, western Bahia Region, Brazil, and also in water 
and sediment samples river, located approximately 700 m 
from the mine area. 

Experimental

Characterization of the study area

The study area comprises a deactivated Mn mine 
(called Perdizes Mine), located in the municipality of São 
Desidério, in the western region of Bahia, Brazil (Figure 1).

The study area is located on the hydrographic limits of 
the Fêmeas River basin which flows into Rio Grande, the 
latter being one of the main tributaries of the left bank of the 
São Francisco River. For the historical series from 1977 to 
2007, the Fêmeas River basin annual precipitation average 
was 1121.83 mm year-1, with a maximum of 1585.40 mm 
and the minimum of 662.83 mm, with an annual flow 
average of 52.17 m3 s-1.46

The predominant pedogenic material in the study area 
is the dystrophic red yellow latosol with sandy texture, with 
low values of ion exchange capacity (IEC) and high acidity 
due to low base saturation and high aluminum saturation.47 
This property is the result of the high degree of weathering of 
the soil that favored the pedogenetic latolization process that 
basically consists of the removal of silica and basic cations 
(i.e., Ca2+, Mg2+, and K+) of the soil profile, with consequent 
relative enrichment of iron and aluminum oxides.48

The region where the Perdizes Mine is located 
comprises areas of intense agricultural activity of soybean, 
corn, and cotton crops. The municipality of São Desidério-
BA has the largest cultivated land area in the country, 
with 600,000 ha of plantation, and stands out for the large 
production of soybeans and cotton, being one of the largest 
producers in Brazil.49

From the environmental approach, the study area 
is currently an environmental liability, with several 
deactivated ditches and unreformed from a geotechnical 
perspective, in addition to the presence of bulky piles of 
tailings and inert materials, placed next to the central pit. 
These piles are located at a distance of approximately 
700 m from the right bank of the Fêmeas River, with risks 
of transporting this material to the river. During the period 
of this study, the Perdizes Mine was deactivated, and the 
area had not been rehabilitated. 

Sample collection and preparation procedure

Samples of soils and ore tailings were collected in the 
central pit and the vicinity of the mine. The sediments 
and water were collected in Fêmeas River, following the 
National Guide for the Collection and Preservation of 
Samples of the National Water Agency.50 In Figure 2, it is 
possible to observe the study area as well as the indication 
of the collection points.
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Soils and sediments
 
Soil samples were collected at a depth of 0-20 cm 

that corresponds to the root zone, at sampling points (MP 
and PP), equidistant (ca. 500 m) from the ore tailings 
piles. The points called MPn (n  =  1 to 7) are located 
within the main mining pit area MP1 = 12°27’42.14”S, 
4 5 ° 1 9 ’ 2 3 . 6 5 ” W ;  M P 2   =   1 2 ° 2 7 ’ 3 9 . 8 0 ” S , 
4 5 ° 1 9 ’ 2 4 . 7 0 ” W ;  M P 3   =   1 2 ° 2 7 ’ 3 7 . 1 0 ” S , 
4 5 ° 1 9 ’ 2 3 . 3 0 ” W ;  M P 4   =   1 2 ° 2 7 ’ 3 6 . 9 0 ” S , 
45°19’22.00”W, MP5 = 12°27’39.30”S, 45°19’22.00”W; 
MP6  =   12°27’41 .00”S,  45°19’23 .00”W and , 
MP7 = 12°27’41.10”S; 45°19’22.00”W, that characterize 
samples from the bottom of the main pit (MP5, MP6, and 
MP7), the slopes of the pit (MP3 and MP4) and, the edges 
of the pit (MP1 and MP2), an area with no apparent soil 
movement.

As there are indications of the use of mining waste 
in paving roads, samples were collected at point PP1 
(12°27’6.22” S, 45°19’15.90” W), a stretch of road 
that leads to the village Perdizes, and at point PP3 
(12°27’39.51”  S, 45°19’20.51” W), the section of the 
road that is next to the mining pit. The collections of these 
samples were carried out at 0.5 m from the margins of the 
runway.

Sampling was also carried out at point PP2 
(12°27’21.34”S, 45°19’8.36”W), approximately 1.0 km 
from the mine, a place that reflects the natural landscape 
of the region (cerrado), without soil movement and/or 
mining activities.

The sediment samples were collected in the bed of the 
Fêmeas River, in the stretch that passes through the village 
of Perdizes. With the aid of a Petersen dredge, sediment 
samples were collected in the shallower regions (CR1) 

Figure 1. Map with the location of the study area in the municipality of São Desidério, western Bahia. 
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and the center of the river channel (CR2), at a sampling 
point (point CR) located at 12°26’59.96” south latitude and 
45°19’15.92” west longitude.

With the care of discarding the portion of the collected 
material that had contact with the metallic part of the 
equipment used in the sampling, the sediment and 
soil samples were packed in plastic bags, labeled and 
transported to the laboratory. In the laboratory, the samples 
were placed in plastic trays for separation and removal of 
pieces of wood, leaves, and so on. Then, the samples were 
dried in greenhouses at 105 °C for 24 h, crushed in an agate 
mortar, sieved, reserving the fraction with a particle size 
less than 200 mesh for further analysis.

A composite sample of ore fragments (TP) was 
performed on the ore tailings pile (TP1 12°27’25.67”S, 
45°19’27.11”W) located near the central pit. The samples 
were mechanically ground, sieved (classified) in a 
200 mesh, and mixed to constitute a representative sample 
of the tailing pile.

Water

Water samples (WS1 and WS2) were collected in 
Fêmeas River, geographical coordinates 12°26’59.96” S 
and 45°19’15.92”W, located 700 m from the mine. The 
water samples were collected in polyethylene bottles 

previously washed with 10% (v v-1) solution of HNO3 P.A. 
(Merck, Darmstadt, Germany) and ultrapure water, being 
transported to the laboratory under refrigeration (4 °C).

Digestion of soil, sediment, and ore samples

The preparation of the samples (soils, sediments and 
ore) for the determination of Tl, Fe, and Mn was carried 
out by sample partial digestion, using the extraction method 
with aqua regia and addition of hydrogen peroxide for 
organic matter degradation. 

Following the procedure described by Jakubowska et al.,51 
a mass of 1.0 g of sieved sample (200 mesh) was reserved in 
a round-bottomed flask equipped with a reflux condenser. 
Subsequently, a 40 mL aliquot of aqua regia (prepared in a 
3:1 ratio (v v-1) of 37% hydrochloric acid (v v-1) and 65% 
nitric acid (v v-1) was added to the flask and the mixture 
was left to stand for 48 h. 

After standing, the mixture was heated to reflux for 
2 h at 70 °C, filtered and washed with 2.0 mol L-1 nitric 
acid solution. The filtrate was reserved in a Becker and 
evaporated in a heating plate at 70 ºC. In order to mineralize 
all organic matter, in the final phase of evaporation, five 
portions of 0.5 mL of 30% hydrogen peroxide (v v-1) were 
added. To obtain the extract, the residue contained in the 
Becker was dissolved in 1.0 mL of 37% hydrochloric 

Figure 2. Google Earth image of the Perdizes Mine area with indications of sample collection points.
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acid (v v-1). Then, the solution was added with 2.5 mL 
of 1.0 mol L-1 ascorbic acid and 6.25 mL of 0.2 mol L-1 
ethylenediaminetetraacetic acid (EDTA) solution. The pH 
was adjusted to 4.5 with ammonia and the solution was 
transferred quantitatively to a 25 mL volumetric flask 
and swollen with ultrapure water (Milli-Q®, Darmstadt, 
Germany). The same procedure was performed for the 
blank sample preparation (extract without sample).

In assessing the efficiency of the Tl extraction method, 
the sample preparation procedure was also applied to 
samples of IRMM BCR®-320 certified river sediment 
reference material (Institute for Reference Materials and 
Measurements, Geel, Belgium). 

Chemical analysis

Determination of Tl, Mn, and Fe contents
The Tl levels in soil, sediment, ore and river water 

samples were determined by differential pulse anodic 
stripping voltammetry (DPASV). DPASV measurements 
used portable potentiostat/galvanostat (Dropsens’ 
µStart 400). In the electrochemical cell, a conventional 
arrangement of three electrodes was used, the working 
electrode being the palladium film deposited in silver 
amalgam (PdF-AgSAE), the auxiliary stainless-steel 
electrode and the Ag/AgCl reference electrode (3.0 mol L-1 
KCl). The voltammetric parameters used, as well as the 
steps involved are described in detail by Santos et al.52

The levels of Mn and Fe in the soil, sediment and ore 
samples were determined by flame atomic absorption 
spectroscopy (FAAS) and the measurements used a Varian 
model AA 240FS atomic absorption spectrometer with 
background correction using a deuterium lamp.

Determination of the content of organic matter (OM) in soil 
and sediment samples

The OM in the soil and sediment samples was 
determined by the gravimetric method of mass loss by 
ignition.53,54 In this procedure, a sample of approximately 
4 g, previously dried at 105 ºC, was heated to 250 ºC for 
5 h in a muffle oven. The OM content was estimated by the 
difference between the initial and final mass of the sample.

X-ray diffraction analysis of the ore
The X-ray diffraction (XRD) analysis on the ore sample 

was performed using a Rigaku X-ray diffractometer model 
Ultima IV with Cu Kα radiation source (λ = 1.5406 Å) 
generated at 40 kV and 30 mA. The XRD measurements 
were performed at scanning angles (2θ) between 10 to 
90°, in 0.02° steps and counting time of 2 s per step. The 
crystalline phases of the ore samples were identified from 

the X-ray diffractograms, comparing them with diffraction 
patterns from the International Center for Diffraction Data 
(ICDD)/Joint Committee of Powder Diffraction Standards 
(JCPDS) database.

Results and Discussion

Regional geological context

The western region of the State of Bahia is inserted in 
the northern domain of the São Francisco Craton (CSF), 
considered one of the largest geological entities of the 
South American Platform. In the study area, region of the 
municipality of São Desidério (Figure 3), lithostratigraphic 
units of sedimentary origin with neoproterozoic age, 
represented by the Bambuí Group, occur. The Bambuí 
Group, in turn, is covered by the Cretaceous continental 
wind sedimentation that corresponds to the Urucuia Group 
(Sanfranciscana Basin). Finally, topping this whole package 
described above, there are superficial cenozoic coverings.55

The Mn occurrence in the Perdizes Mine and its 
surrounding is associated with genetic processes of 
supergenic/lateritic origin, and consequently present a 
diversity of types and forms that define the mineralizing 
controls of this mineral deposit.43 Among the mineralizing 
processes, Bonfim et al.43 describes the manganese 
mineralizations in the Vau da Boa Esperança region, near 
Perdizes Mine, considering that the primary concentration 
of this deposit was in a marine platform environment, 
under oxidizing and reducing conditions. During the 
deformational events, there was an imminent performance 
of hydrothermal processes and, subsequently, the action of 
supergenic processes predominated, due to the solubility of 
manganese and oscillations in the water table, concentrating 
the ore in the lateritic profile, completing the metallogenic 
profile of this deposit.

At Perdizes Mine (Figure 4), the Mn mineralization 
manifests itself in the form of purplish silty sandstones 
(protominium), lateritized concretions (pisolites) of red 
orange color due to the oxidized iron, decimetric red-
yellowish laterites in some points adjacent to the mine, oxisol 
lightly stained with Mn oxide and blue dense Mn ore without 
visible quartz (Figure 4b), considered as the predominant 
type. All of these typologies, in the form of continuous or 
isolated occurrences, in the various pits that make up the 
mine, mainly in the “Cava Cotton”, and also through blocks 
rolled at the base of the pits, revealing the mineralization 
genetically defined by pedogenic/supergenic processes.

In the X-ray diffraction analysis of dense bluish Mn ore 
without visible quartz, it was only possible to confirm the 
presence of pyrolusite, as the main oxidized phase in the 



Santos et al. 1125Vol. 32, No. 5, 2021

Figure 3. Geological map of the eastern edge of the Sanfranciscana Basin with the sedimentary covers and windows of the basement of the São Francisco 
Craton in western Bahia (adapted from Bizzi et al.56).

Figure 4. (a) Panoramic photograph of the Main Cava (Cotton); (b) bluish dense manganese ore without visible quartz; (c) diffractogram referring to the 
bluish dense gray manganese ore sample; (d) bluish gray and dense manganese ore dispersed in the tailings piles; (e) manganese ore separated for processing. 

composition of the ore (Figure 4c). Probably, the quartz 
present, in its recrystallization phases, may have obliterated 
the identification of other Mn oxides such as todorokite, 
cryptomelane and vernadite that also make up the Mn ore 
of Perdizes Mine.57,58

Bluish gray Mn ore is the typology that stands out the 
most due to its predominance in the study area, composing 
a non-continuous concrete horizon based on alluvial 
coverings resulting from the Urucuia Group. This ore is 
also concentrated in the middle of the tailings piles, in 
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the mine pit and also gathered in groups for processing 
(Figures 4d and 4e).

Further details on the procedural and genetic relationships 
of Mn mineralization, as well as a more detailed 
understanding of the types, shapes and compositions of the 
ore, can be consulted in the work of Bonfim et al.43

Concentration of Tl, Mg, Fe, and OM in soil, sediment, 
ore and water samples from Perdizes Mine area and its 
surroundings

In the determination of Tl by DPASV, we obtained 
calibration curves in two working ranges: from 0.03 to 
0.15 mg L-1 (correlation coefficient, R = 0.9982) and 0.2 
to 4.0 mg L-1 (R = 0.9944), with limit of detection (LOD) 
of 0.01 mg L-1. The studies of addition and recovery of Tl 
in extracts of samples (soil, sediments, and ores) digested 
with aqua regia and free of Tl, showed recovery values 
between 88.2 to 108.5%. The precision of the method 
was assessed by successive measurements (n = 6) in aqua 
regia solutions containing Tl at concentrations of 0.08, 
0.60 and 4.00 mg L-1. Under these conditions, the variation 
coefficients (RSD) obtained for Tl were less than 3.0%.

In the case of determination of Fe and Mn levels by 
FAAS, the LODs were 0.03 and 0.01 mg L-1, respectively. 
The calibration curves for both metals were in the range 
of 0.2 to 2 mg L-1 (R = 0.9996 for Fe and R = 0.9983 for 
Mn) and precision in the range of 1 to 3%.

In the evaluation of the efficiency of the extraction 
method for Tl, performed with the certified reference 

material (BCR®-320, from the Community Bureau of 
Reference, containing 0.5 mg kg-1 for Tl), values of 
0.44  ±  0.05 mg kg-1 were obtained for Tl, indicating 
recoveries of around 89%, with the sample preparation 
protocol used.

Table 1 shows the levels of Tl, Mn, Fe and OM in 
ore samples from the tailings pile (TP), from soils in the 
mining area and central pit (MP1 to MP7), of soils in the 
area adjacent to the mine (PP1 to PP3), of water (WS1 and 
WS2) and sediment (CR1 and CR2) of the Fêmeas River 
which is located near Perdizes Mine. 

The samples collected in the mining area and central 
pit (MPn, n = 1, 2, 3, 4, 5, 6, and 7), showed Tl levels from 
0.64 to 13.82 mg kg-1, and Mn from 0.02 to 0.39% (m m-1). 
These values were lower than those observed at two points 
in the area adjacent to the mine (PP1 and PP3), as well as 
those observed in the tailings pile that presented the highest 
Tl (473 mg kg-1) and Mn (34.21 mg kg-1) concentrations 
(Table 1). 

The PP3 and PP1 samples collected on the roadsides 
that give access to the mining area and the Perdizes village, 
showed significant concentrations of Tl (99 and 80 mg kg-1, 
respectively). It was observed evidences of the use of 
waste from mine, for road terracing (bluish coloration of 
the road, resulting from the mechanical incorporation of 
Mn ore tailings to the road soil). Probably, these levels are 
associated with the use of ore tailings from the tailing’s 
piles, which presented concentrations in the order of 
473 mg kg-1, for the practice of graveling these roads. This 
hypothesis may be confirmed by the Tl and Mn contents 

Table 1. Average levels of Tl, Mn, Fe, and OM in the tailings samples of ore, soil, sediments, and water

Sampling location Sample identification Tl / (mg kg-1) Mn / % (m m-1) Fe / % (m m-1) OM / % (m m-1)

Tailings piles TP 473 ± 18 34.21 1.69 1.83

Mining area, central pit

MP1 0.64 ± 0.03 0.02 3.34 0.90

MP2 3.29 ± 0.11 0.20 3.08 1.09

MP3 5.30 ± 0.33 0.26 3.96 0.96

MP4 13.82 ± 1.38 0.39 5.33 1.25

MP5 10.13 ± 0.18 0.37 4.92 1.37

MP6 8.05 ± 0.39 0.04 3.03 0.67

MP7 1.51 ± 0.13 0.08 2.85 0.56

Adjacency to mine

PP1 80.14 ± 0.66 10.18 4.69 1.65

PP2 < LOD 0.03 3.35 0.70

PP3 99.99 ± 1.66 9.68 3.59 1.30

River sediment
CR1 31.14 ± 1.23 2.79 1.80 2.65

CR2 3.40 ± 0.50 0.38 0.37 2.84

River water
WS1 < LOD 0.10a 0.40a n.d.

WS2 < LOD 0.12a 0.43a n.d.

aIn mg L-1. LOD: limit of detection; n.d.: not determined; OM: organic matter.
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observed in the sample PP2 (< LOD and 0.03 mg kg-1, 
respectively), a point without signs of the presence of 
mining waste mixed with the soil.

The literature available12,59-61 reports mean basal Tl 
levels from 0.20 to 1.5 mg kg-1 in soil from areas without 
contamination by mining activities. However, contaminated 
soils close to mining areas showed levels such as: 16.4 to 
35.4 mg kg-1, Lanmuchang province of Guizhou/China;62 

2.43 to 5.19 mg kg-1, Yunfu city, Guangdong Province/
China;63 up to 7.0 mg kg-1, Rosh Pinah, Namibia;20 100 
to 1000 mg kg-1, Swiss Jura mountains, Switzerland;64 
0.87 to 2.65 mg kg-1, Madrid, Spain;65 > 50 mg kg-1, 
Silesia-Krakow, Poland;66 and a mean of 600 mg kg-1, 
Allchar, Macedonia.67

The Tl average content observed in the central pit of the 
mine, (MPn, n = 1, 2, 3, 4, 5, 6 and 7) in the mining area 
was 6.10 mg kg-1. These levels are between 4 and 30 times 
higher than those observed in uncontaminated soils in the 
European continent60 and the Chinese continent.68

Karbowska8 point out that significant concentrations 
of Tl in surface soils represents a great threat due to the 
possible absorption by the plant roots, which store Tl in its 
biomass. In this context, Tl may enter the food chain and 
accumulate in living organisms, which can lead to health 
problems. Vaněk et al.41,66,69-73 carried out several studies on 
the dynamics of Tl in the soil, its mineral phases, and the 
factors that control its absorption by plants.

The sediment samples from Fêmeas River presented 
Tl levels of 31.14 and 3.40 mg kg-1, for sample CR1 
(collected on the river bank) and CR2 (collected in the 
middle of the river channel), respectively, suggesting that 
the particles leaching from the ore to the receiving aquatic 
body. The observed levels of Tl and Mn on sample CR2, 
were, on average, nine times lower than those obtained for 
the sample CR1. Possibly, this occurs due the effect of the 
greater dispersion of the sediment in the middle of the river 
channel where the water flow is greater.

Although the Tl associated with the river sediments may 
be released in the water column, its capacity to transfer to 
the water body will depend on environmental factors, such 
as variations in pH in the river water, redox potential of the 
environment and presence of organic matter. In the analysis 
of water samples (WS1 and WS2) from the Fêmeas River, 
the Tl concentration was below the limit of detection of 
the analytical method used (DPASV) (LOD estimated at 
0.89 µg L-1). Limits considered environmentally safe for 
Tl in water are in the order of 2.0 μg L−1.74

The fact that Tl was not detected in the water samples 
of the Fêmeas River, may be an indication that the Tl 
extractable with the aqua regia is not in the exchangeable or 
leachable fraction of the soil, but probably in the reducible 

fraction. According to Yang et al.,75 in acidic soils with a 
low OM content, as in the case of the red yellow latosol 
in the study area, most of Tl (ca. 80%) of anthropogenic 
origin is incorporated in the more labile fractions of the 
soil, mainly retained in the reducible fraction than in the 
surface adsorption sites (exchangeable fraction). The Tl 
content in the reducible fraction, makes strong bonds 
with the oxides and hydroxide of Mn and Fe and in the 
exchangeable fraction, the hydroxyls and other radicals of 
the soil surface are more easily saturated by H+ and other 
cations (i.e., Al3+ and Fe3+).39,75,76

In the reducible fraction of the soil, Tl is associated 
preferentially with Mn than Fe, due to the high affinity of 
Tl with Mn oxide.75,76 Jia et al.77 studying Tl transport to 
plants in rhizospheric soils, found that most of the labile 
Tl was located in the reducible fraction and in this fraction 
there was a significantly positive correlation between Tl and 
Mn, but the same correlation was not observed between 
Tl and Fe.

In order to identify patterns in the distribution of the 
samples and to verify which variables are responsible for 
the similarities or differences between the samples of soils 
and sediments collected in the study area, the results for 
Tl, Mn, Fe, and OM contents were submitted to principal 
component analysis (PCA). 

According to the criterion of Kaiser,78 for the choice 
of the main components (PC) that best explained the set 
of variables, the four variables under study (Tl, Mn, Fe, 
and OM contents) could be summarized in two PCs which 
together explained 88.4% of the variance of the original 
data set.

In the analysis of PC1 versus PC2, loading (Figure 5) 
and scores plots (Figure 6) were obtained. According to 
the loading plot (Figure 5) it was observed that variables 

Figure 5. Loading plot of the variables for the components.
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Tl and Mn had a positive correlation, indicating that in 
soil and sediment samples the increase in the Tl content 
is accompanied by an increase in the Mn content. This 
correlation may be an indication of a common mineral 
source for these metals. This agrees with the fact that the 
soil and sediment samples are predominantly formed by 
pedogenic material from manganese ore.

The score plot (Figure 6) shows that there was a 
separation between four groups of samples: I, II, III, and 
IV. Regarding PC1, the groups formed by the samples PP3, 
PP1, and TP (II and III) presenting high levels of Tl and 
Mn and appear discriminated from the other samples group. 
The anomalous behavior, exhibited by samples PP3 and 
PP1 (II) in relation to other soil samples (I), corroborates 
with the observations pointed out in the text regarding mine 
tailings use for road terracing, indicating Tl contamination 
on the roads around the mine.

The group of sediment samples from Fêmeas River 
(CR1 and CR2) was separated from the groups of soil 
samples by PC2. This separation suggest that the sediment 
samples had the lowest levels of Fe and the highest levels 
of MO. Due to the higher levels of Tl and Mn in the CR1 
sample, it could also be distinguished from the CR2 sample 
in the PCA. 

Although it is not possible only from the levels of Tl 
extractable with aqua regia to infer about the Tl distribution 
in soil fractions, the correlation found between the Tl and 
Mn levels shows that, possibly, most of the Tl present in the 
soils and sediments samples in the study area is associated 
with the Mn oxide of the particles of the mining tailings 
and/or the reducible fraction of the soil.

In regions that Tl naturally occurring it is extremely 
important to know the base level values of this metal. 
Xiao et al.9 determined the Tl concentration in a Tl naturally 

occurring area in several compartments (rocks, water, soil, 
and sediment); they concluded that possible Tl dispersion 
patterns resulted from activities as excavations, artisanal 
mining, agricultural activities, and use of rocks containing 
Tl minerals for road terracing practices, (activity observed 
in the area of the present study), aggravating the problem 
of Tl dispersion and increasing the risk for biosphere. 

Conclusions

The natural occurrence of Tl was found in ore tailings, 
soils, and sediments samples from a surrounding area of 
a deactivated Mn mine, located in the western region of 
Bahia. The Tl levels ranged from 0.64 to 473 mg kg-1, 
triggering an alert since most of the samples analyzed 
presented Tl concentrations above 1.0 mg kg-1, recognized 
as the maximum limit recommended (for arable soils) by 
environmental agencies in North America and Europe. 

The PCA suggest a strong correlation between Tl and 
Mn levels, indicating that Tl is bound to the Mn oxide of 
the Mn ore particles and the reducible fraction of the soil 
and sediments. These preliminary results indicate that 
the exploitation of Mn ore in the western region of Bahia 
may have made Tl available in several environmental 
compartments.

Special attention should be directed for Tl dispersion 
around the mine, due to the use of ore tailings as gravel for 
road, evidenced by the levels of Tl found on the roadsides 
(80 and 99 mg kg-1) and in the river sediment (3.40 and 
31.14 mg kg-1), located approximately 700 m from the 
central pit. 

The preliminary results obtained in this study indicated 
the need for attention, monitoring and further scientific 
investigations of this geoenvironment, capable of dispersing 
natural Tl, its influence and risk to environmental health. 
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