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a b s t r a c t

Mining activities can increase the mobility of metals by accelerating the dissolution and leaching of
minerals from the rocks and tailing piles to the environment and, consequently, their availability for
plants and subsequent transfer to the food chain. The weathering of minerals and the disposal of coal
waste in tailing piles can accelerate the generation of acid mine drainage (AMD), which is responsible for
the higher dissolution of metals in mining areas. In this context, the behavior of U, Th and K in soils and
sediment, and the transfer factor (TF) of 238U, 234U and 210Po for soybean, wheat, pine and eucalyptus
cultivated around a coal mine in southern Brazil was evaluated. Alpha and gamma spectrometry were
used for the measurements of the activity concentration of the radioelements. 210Po was the radionuclide
that is most accumulated in the plants, especially in the leaves. When comparing the plant species, pine
showed the highest TF values for 234U (0.311 ± 0.420) for leaves, while eucalyptus showed the highest TF
for 238U (0.344 ± 0.414) for leaves. In general, TF were higher for the leaves of soybean and wheat when
compared to the grains, and grains of wheat showed higher TF for 210Po and 238U than grains of soybean.
Deviations from the natural U isotopic ratio were recorded at all investigated areas, indicating possible
industrial and mining sources of U for the vegetables. A safety assessment of transport routes and
accumulation of radionuclides in soils with a potential for cultivation is important, mainly in tropical
areas contaminated with solid waste and effluents from mines and industry.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Natural radioelements are part of the chemistry of soils and
waters, resulting in radiological dose for living organisms. Mining
activities contribute to increase this dose as they accelerate the
leaching of elements and minerals from rocks to the environment
(USEPA, 1995; Baik et al., 2003; Flues et al., 2006; Fungaro and
Izidoro, 2006).

In coal mines, the disposal of waste in tailing piles and ore
exposure to weathering conditions can accelerate the formation of
acid mine drainage (AMD). This acid effluent accelerates the
leaching of toxic elements in coal mining areas and is generated
when sulfide minerals (e.g. pyrite, Fe2S) are oxidized due to
. Galhardi).
exposition to atmospheric oxygen, promoting a reduction of the pH
level and the solubilization of metals into the aqueous medium
(Berghorn and Hunzeker, 2001; Mkandawire, 2013). In addition to
the release of radionuclides by discharge by tailings seepage wa-
ters, emissions of radionuclides by dry or wet deposition of re-
suspended radioactive material from tailings piles may lead to
elevated levels in the nearby soil, where they can be adsorbed,
retained and taken up by plants (Planinsek et al., 2016). Particulate
matter and radionuclides released to the atmosphere from coal-
fired power plants can also return to the ground as wet or dry
deposition, contributing to the radiation dose exposure (Papp et al.,
2002).

The occurrence of uranium (U) in coal has been investigated for
more than a half of a century and themajor concern is related to the
use of coal for electricity generation (Baxter, 1993; Arbuzov et al.,
2012). In addition to common contaminants related to sulfur- and
metal-bearing minerals, the particulate matter and effluents
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generated during the coal fired-power plant and coal mining ac-
tivities may contain 226Ra, 210Pb and 238U (UNSCEAR, 2010). As
example, coal contains approximately 12e24 Bq kg�1 of 238U and
12e17 Bq kg�1 of 232Th (UNSCEAR, 2010).

In solutions, adsorption is an important mechanism that con-
trols U activity concentration (Prikryl et al., 2001). The chemical
behavior of U depends on several characteristics, e.g. pH, Eh, con-
centration and type of organic and inorganic ligands, presence of
chelating agents, speciation, mixing rate and movement of the
water, reactions of complexation, precipitation, adsorption and
desorption. However, since to obtain and interpret all this infor-
mation is complex, pH and Eh are the most common parameters
used in investigations about U mobilization processes and explain
most variation of concentration of U in waters (Langmuir, 1978;
Giblin et al., 1981).

In this context, to evaluate radiological impacts due to extrac-
tion, processing and burning of coal, some plants have been used
for the assessment of soil contamination. The most commonly in-
dex used to estimate the radionuclides transport and their accu-
mulation in vegetables is the transfer factor (TF), defined as the
ratio between the concentration of the element in plants
(Am ¼ activity concentration of the radionuclide in plant dry mat-
ter) and in the soil (As ¼ activity concentration of the investigated
element in dry soil). This is alternatively known as the concentra-
tion ratio (CR). The TF describes the concentration of the element
that can be absorbed by a plant from its substrate under equilib-
rium conditions, assuming that the accumulation is directly pro-
portional to the concentration of the element in the soil (Sheppard
and Sheppard, 1985).

An understanding of the mobility of natural radionuclides in
soils and their TFs to different plants requires knowing their in-
teractions with soils (Shtangeeva, 2010). The uptake of trace ele-
ments by biota can be affected by the electrical conductivity (EC),
cation exchange capacity (CEC), total organic carbon (TOC), nutri-
ents, mineralogy and climate, in addition to (bio)chemical pro-
cesses such as complexation, precipitation and redox reactions
(Sohlenius et al., 2013; Gupta et al., 2014; Zhao et al., 2016). How-
ever, in about 50% of the investigations focusing on the TF, these
characteristics were not considered (Vandenhove et al., 2009),
which limits our understanding on the metal uptake by the biota.
An assessment of the radionuclide distributions in the soileplant
system may be also rather complicated because there is little in-
formation related to the rate of radionuclides uptake and storage by
different parts of plant species (Shtangeeva, 2010).

Until the present, most of the studies of TF were in temperate
areas, where climatic conditions, weathering processes, nutrients
cycling and metal uptake by living organisms differ significantly
from those in tropical areas (IAEA, 2010). Few systematic in-
vestigations have been done in cultivated tropical soils affected by
coal mining, especially in Brazil. According to the Food and Agri-
cultural Organization (FAO, 2012), Brazil is the 10th largest vege-
table producer in the world and the 2nd largest soybean producer.
Paran�a State is the 2nd largest producer of this legume in Brazil, and
also has the 3rd largest coal reserve in the country that is associated
with a U deposit.

Previous studies indicated high levels of radionuclides and trace
elements in soils from Southern Brazil associated with AMD (Flues
et al., 2006; Campaner et al., 2014). This is the case of Figueira city,
Paran�a State, Brazil, where the coal mined there exhibits high
content of pyrite (MINEROPAR, 2001) that may accelerate the
environmental problems associated with AMD generation. The coal
has also elevated contents of U and thorium (Th) (Fernandes et al.,
1997). Flues et al. (2006) reported 238U and 232Th concentrations
ranging from 813 Bq kg�1 to 2609 Bq kg�1 and from 22 Bq kg�1 to
40 Bq kg�1, respectively, in coal sampled in that area.
Some researchers in Brazil investigated the absorption of ra-
dionuclides by plants from soil (Vasconcellos et al., 1987; Santos
et al., 1993, 2002; Lauria et al., 1994; Mazzilli et al., 2012), but no
investigation was performed in areas affected by coal mining.
Radionuclide analysis in vegetables cropped near coal mining areas
in southern Brazil, especially for those plants used for human
consumption, could improve the radiological risk assessment. In
this context, this paper aims 1) to evaluate the influence of a coal-
fired power plant and coal mining activities on the characteristics
of nearby soils and sediments and 2) to investigate the uptake of
radionuclides by plants (soybean and wheat e leaves and grains,
pine and eucalyptus e leaves and bark) in an impacted tropical
environment.

2. Material and methods

2.1. General features of the study area

The city of Figueira is located in the northeastern of Paran�a State
in Brazil (Fig. 1). The climate is divided into a rainy season (October
to March) and a dry season (April to September). The predominant
soils are shallow, acidic, dystrophic, with a poor drainage and a high
saturation of exchangeable aluminum (Morrone and Daemon,
1985). The soils around the mining area are used for agricultural
activities. Major crops in the area are soybean and corn, for which
the grains are exported mainly to the US, China and Europe. Waters
from the Laranjinha river (the main watercourse in the region that
flows into the Paranapanema river) and the Pedras stream (its
tributary where the mining effluents used to be discharged) are
used for agricultural irrigation.

In the region, the outcropping stratigraphic units belong to the
Phanerozoic Paran�a Sedimentary Basin and evolved along the
South American Platform that spreads in seven states in Brazil as
well as in Uruguay, Argentina and Paraguay. The units with Permian
age belong to Itarar�e, Guat�a (Rio Bonito and Palermo formations)
and Passa Dois (Irati, Sierra Alta and Teresina formations) groups
(Shuqair, 2002; Bizzi et al., 2003). The coal deposit is hosted in Rio
Bonito Formation and U mineralization has also been observed
within Permian coal seams from Rio Bonito Formation, occurring
along the interface from the coal-bearing horizon, sandstones and
carbonaceous siltstones (Medeiros and Thomaz Filho, 1973).

In the investigated area, the coal horizon thickness varies be-
tween 0.50 and 0.65 m and it is located at a variable depth of
38e75 m (ANEEL, 2011). Chemical analysis (moisture content¼ 6%,
volatile matter ¼ 28.8%, fixed carbon ¼ 32.5%, ash content ¼ 38.7%,
sulfur content ¼ 4e12%, calorific value ¼ 4300 kcal kg�1) classify
the coal as high volatile bituminous (Shuqair, 2002).

Coal is nowadays extracted from an underground mine (named
08), in operation since 2014, although mining activities have
occurred since the 1950s and left important impact associated with
water and soil quality. The water used for coal washing after its
crushing has been recycled in a closed system and physically
treated in a pond. Before 2008, the effluent had been discharged
into a stream near the mine. This pond also receives the acid
effluent generated in the tailing piles. However, the effluents may
reach the soil, groundwater and surface water, modifying their
chemical composition and contributing to the surface water,
groundwater and soil contamination (Galhardi and Bonotto, 2016).

The coal waste was disposed in two main tailing piles: one
composed of ‘sterile’ waste (older than 50 years) that was not
protected with waterproofing and CaO addition to control pH and
another that accumulates material with high pyrite concentration,
which has waterproofing and CaO was added to control pH. The
tailing piles are located in an outcrop area of Palermo Formation,
composed by clays and siltstones, interbedded with sandy layers



Fig. 1. Location of the study area and sampling points.
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(Krebs and Alexandre, 1998). As the basal portion of this geologic
unit is composed by sandy material, it is a reasonable groundwater
reservoir.

In the thermal power plant, in operation since 1963, the fly ash
is collected by emission control systems. Flues et al. (2006)
concluded that the coal combustion in the thermal power plant
in Figueira city increases the radionuclide concentrations in the
atmospheric particulate matter by a factor of 5e10 times, which
was corroborated by Campaner at al. (2014) who found high ac-
tivity concentrations of 238U, 226Ra and 210Pb in coal and its ashes
and also in the topsoil of the region.
2.2. Collection and treatment of the samples

Soil, sediment, coal ash, coal waste and coal were sampled for
chemical characterization. Sample collection was performed in
August/2013 (1.1 mm monthly rainfall) and February/2014
(341.6 mm monthly rainfall) to allow the comparison of the results
in different weather conditions. The predominant wind direction in
the area is SE-NW. The sampling focused a diameter of 10 km
around the affected area. The following samples were collected
(Fig. 1): stream sediments - SED1 (Laranjinha River, upstream the
mine), SED2 (Laranjinha river, downstream themine), SED3 (Pedras
stream, upstream the mine), SED4 (Pedras stream, downstream the
mine); soil in areas close to mining and thermal power plant - SM1-
SM6; coal waste from tailing piles - R1-R6; coal from the under-
ground coal mine - C1-C2, and coal ash - A1, A2.

The sediments samples were collected using a PVC pipe (1.5 me

long, 10 cm diameter), which was introduced into the passive
margin of each point and withdrawn when filled about 30 cm or
until a total of about 2 kg of material was sampled from multiple
cores at the same site. The sediments were stored in plastic



J.A. Galhardi et al. / Journal of Environmental Radioactivity 177 (2017) 37e4740
containers. Soil was sampled using a manual collector after the
surface was cleaned for vegetation cover removal. Samples (2 kg)
were collected to a depth of 20 cm (EMBRAPA, 1997; IAEA, 2010) in
three points distributed among an area of 10 m-diameter, stored in
plastic containers, being previously quartered in field (Al-
Hamarneh et al., 2016). Coal was sampled in the currently active
underground cave for coal exploitation. Ashes (the material from
bag filters after coal burning in thermal power plant) were sampled
directly in the tailing in which they were deposited next to the
thermal power plant. Coal and coal ashes were sampled at three
different points in the respective outcropping areas and tailing piles
before homogenization and quartering. Samples of soil, sediment,
coal waste, coal ash and coal were dried at 105 �C until constant
weight and manually homogenized.

Plants and agricultural soils were collected in areas close to the
mine in January/2015. Leaves (S1-L, S2-L) and grains (S1-G, S2-G) of
soybean (Glycine max), leaves (W1-L, W2-L) and grains (W2-G,W3-
G) of wheat (Triticum), leaves (E1-L, E2-L, E3-L) and bark (E1-B, E2-
B, E3-B) of eucalyptus (Eucalyptus sp. e E1; Eucalyptus botryoides
Sm. e E2) and leaves (P1-L, P2-L, P3-L) and bark (P1-B, P2-B, P3-B)
of pine (Pinus caribaea Morelet) were sampled. The species of trees
are not deciduous and the barks and leaves were sampled from
mature individuals. Soybean and wheat were sampled during the
harvest period, allowing the collection of leaves and mature grains.
For each sample a number of at least three individuals were
sampled. Cultivated soils (SC1-SC2) were collected next to the
cropping areas, following the procedure described above, to allow
the calculation of the TF. The radionuclide concentrations in soil
used for the TF calculation was the mean value between the SC1
and SC2. Hence, TF data for plant leaves, grains and barks were
calculated and contrasted to those reported in literature.

Plant samples were identified at the Botanic Institute of S~ao
Paulo, Brazil. In LABIDRO - Isotopes and Hydrochemistry Labora-
tory, S~ao Paulo State University (UNESP), Rio Claro, S~ao Paulo, Brazil,
leaves and bark samples were washed with distilled water several
times to remove the residual particulates. All the samples were
oven dried at 60 �C until constant weight, macerated and homog-
enized, as described by Loppi et al. (2003) and Saiki et al. (2007).

2.3. Chemical and physical analyses in soils, coal waste and
sediment

Chemical and physical properties of stream sediments, soil and
waste samples were measured in LABIDRO (Isotope and Hydro-
chemistry Laboratory) and LEC (Ceramic Studies Laboratory), at the
Department of Petrology and Metallogeny e UNESP, Rio Claro, S~ao
Paulo, Brazil. For pH and electrical conductivity (EC) the method
described by EMBRAPA (1997) was used. Eh was measured in the
lab as described by Bonotto (1996). Cation-exchange capacity (CEC)
was determined according to Chen et al. (1974). Organic carbon
(OC) content was measured indirectly using the method of oxida-
tion in 1.0 N K2Cr2O7 in acid medium (H2SO4), according to
EMBRAPA (1997).

Granulometric analysis was performed via wet sieving (sand
particles) and laser diffraction (clay and silt particles) using a
Malvern particle size analyzer (Mastersizer/2000). Using 1 g of soil,
10 mL of sodium hexametaphosphate solution (4%) was added and
after at least 24 h the analysis was done. For identification of the
clay minerals, X-ray diffraction was done using a Siemens D5000
diffractometer, as described by Roveri (2010). Clay fraction was
obtained by disintegration in distilled water followed by decanta-
tion of the fraction greater than 2 mm according to the Stokes Law.
Three types of scanning were used: in natural conditions, saturated
with ethylene glycol (to verify the presence of expansive minerals)
and heated to 500 �C (to observe changes in the kaolinite peak).
2.4. Gamma spectrometry analysis in sediments, coal, coal waste,
coal ash and soils from mine

Sediments, soils, coal, coal waste and coal ash from the tailings
pile were characterized for the U, Th and K content by gamma
spectrometry in LABIDRO, UNESP, Brazil. In the classical spectrum
of gamma rays, U, Th and K are quantified by the 214Bi, 208Tl and 40K
photopeaks, respectively. As a result, the concentrations are
expressed in terms of equivalent for U (eU) and Th (eTh) and per-
centage of K (Bristow, 1983).

Sample preparation was based on the method described by
Duarte (1997). Approximately 40 g of the material was wrapped in
aluminum flasks properly sealed, where they remained for about
26 days to reach secular radioactive equilibrium in the U and Th
decay series. A NaI(Tl) scintillator crystal was used and the system
was calibrated by using standards of 137Cs and 60Co pitchblende,
monazite sand and KCl (Duarte, 1997; Vergotti, 2008). Maestro II
EG&GeORTEC software was used to process the data.

2.5. Extraction by UTEVA resin and alpha spectrometry analysis in
coal, coal waste, coal ash, plants and cultivated soils

Alpha spectrometry was used for measuring the 234U, 238U, and
210Po activity concentration in plants, coal, ash and soil samples at
Applied Nuclear Physics Laboratories, University of Seville, Seville,
Spain. A fraction of 5e10 g of dry sample was digested in an open
system during 40 h with 80 mL of HNO3 8 M and 20 mL of H2O2
added gradually, after adding the tracer solution containing
209Po-228Th-232U. After the acid digestion, the resulting solution
was filtered through a cellulose membrane filter with porosity of
45 mm and the supernatant was evaporated and re-dissolved in
10mL of HNO3 3M. The volume of the solutionwas completedwith
deionized water to 50 mL and it was added 2 mL of an iron carrier
solution (Fe3þ) and ammonia, until it reached a pH around 8.5. The
samples were centrifuged and 10 mL of HNO3 8 M were added to
the precipitate.

Radiochemical separation was used for separating the U, Th and
Po by using liquid-liquid extraction (Mantero et al., 2010; Lehritani
et al., 2012). Themethod consists of three parts, startingwith the Po
extraction. Tributyl phosphate (TBP), 10 mL, was added in a sepa-
ration funnel to the previously prepared solution. The solution was
shaken for 10 min before the extraction. The procedure was
repeated three more times using HNO3 8 M. In this step, Th and U
were retained in the organic phase, whereas Po was transferred to
the aqueous phase.

The second step consisted on Th extraction and 20 mL of xylene
plus 15 mL of HCl 1.5 M were added to the separation funnel. The
extraction was repeated two times more with 15 mL of HCl 1.5 M.
Uranium was in the solution containing the mixture of organic
compounds, while Th was eluted. For U separation, three extrac-
tions were conducted, adding 15 mL of deionized water into the
separation funnel for recovering the U from TBP into the aqueous
phase. The solutions containing U and Po were heated to dryness.

For Po autodeposition, about 1 g of ascorbic acid and 50 mL of
1.5 M HCl 1.5 M were added to the beaker containing a copper disc
and the Po isolated after its evaporation. After 2 h of heating
(50e60 �C), Po was autodeposited on the copper disc (Díaz-Franc�es
et al., 2013). U-isotopes were electrodeposited in stainless steel
discs based on Hallstadius (1984). The procedure consisted of
adding 0.5 g of H2SO4 (ultrapure), 5 mL of deionized water and 2
drops of phenolphthalein to the beakers containing the dry residue
after evaporation of the U previously extracted. The pH was con-
verted to the turning point using ammonia vapor. The solution was
put into the electroplating cell and the pH was adjusted to
approximately 2.4 by the addition of 1% H2SO4. With a platinum
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wire acting as anode, a current of 1.2 A was applied during 1 h for
the U electrodeposition in the disk.

The alpha emissions were measured through a Canberra system
using semiconductor PIPS (Passivated Implanted Planar Silicon)
detectors, wherein Po, and U alpha particles were counted in
different chambers in order to avoid contamination. The system
was calibrated with standards of 239Pu, 242Pu and 241Am and the
Alpha Analyst program was used for processing the spectra. The
mean chemical yields for alpha spectrometry were 41% in the case
of U, and 44% for Po.
3. Results

3.1. Chemical, physical and gamma spectrometric parameters for
sediments, soils and coal waste from mine

Chemical and physico-chemical data for soils, coal waste and
sediments samples are in Table 1. In soils and coal waste collected at
the mining area, the silt fraction was predominant, as well as in
sediment collected in the wet month.

In the dry month, the average pH was more acid for coal waste
than the soils. In general, the average pH values for soils and sed-
iments samples were more acidic in the rainy season. Potential
redox showed no significant variation between the monitoring
periods with exception for soils samples, which was higher in wet
month (439 ± 32 mV) than in dry month (346 ± 87 mV). The
average CEC was higher in the coal waste samples (34 ± 12 cmolc
dm3 �1 and 42 ± 24 cmolc dm3 �1 in dry and wet month, respec-
tively) than in soils. The OC showed no pronounced variation be-
tween the two periods for coal waste and sediments. For soil, the
average OC content was higher in dry month (2.5 ± 2.1) than in the
wet month (1.4 ± 0.5).

The average K and eU concentration did not show a pronounced
variation for soils between the monitored periods. For coal waste
and sediment, average K and eU concentrations were higher in dry
month and opposite relation was verified in the case of the
Table 1
Chemical data for soils, coal waste and sediments samples.

August/2013

Soil Coal waste

pH (H2O) Range 2.5e6.6 2.8e4.8
Mean ± sd 4.4 ± 1.4 3.6 ± 0.8

pH (KCl) Range 1.8e5.6 1.8e3.2
Mean ± sd 3.3 ± 1.3 2.6 ± 0.6

EC (mS cm�1) Range 0.01e2.85 0.34e2.73
Mean ± sd 0.6 ± 1.1 1.56 ± 0.8

Eh (mV) Range 216e491 366e490
Mean ± sd 346 ± 87 417 ± 42

CEC (cmolc dm3�1) Range 15e31 20e54
Mean ± sd 23 ± 5.3 34 ± 12

OC (%) Range 0.95e5.9 0.95e1.9
Mean ± sd 2.5 ± 2.1 1.45 ± 0.4

Sand (%) Range 12e48 17e60
Mean ± sd 27.3 ± 15.6 31.6 ± 15.6

Silt (%) Range 16e70 4e66
Mean ± sd 50.2 ± 9.9 47.2 ± 22.3

Clay (%) Range 16e36 17e36
Mean ± sd 22.5 ± 8.0 21.2 ± 8.3

K (%) Range 2.7e17.9 8.2e14.7
Mean ± sd 9.5 ± 4.9 11 ± 2.7

eU (mg kg�1) Range 6.2e146 60.7e139
Mean ± sd 57.3 ± 53 95.5 ± 35.3

eTh (mg kg�1) Range 45.4e145 1.38e78.61
Mean ± sd 85.7 ± 34.7 44.7 ± 26

Analytical uncertainties corresponding to 1s standard deviation.
sediments, in which average K and eU was lower in the dry month.
The eTh average concentration for soils did not ranged significantly
between the monitored periods. In the dry month, however, its
value for sediment was higher and for coal waste was lower, when
compared with the results found for wet month (Table 1).
3.2. Biomonitoring and alpha spectrometry results

The content in radionuclidesmeasured by alpha spectrometry in
cultivated soils (SP1, SP2), coal (C1, C2), coal ash (A1, A2), soybean,
wheat, pine and eucalyptus (B ¼ bark; G ¼ grains; L ¼ leaves)
collected in Figueira city are in Table 2. The TF values are in Table 3.
4. Discussion

4.1. Chemical features of the soils, sediments and coal waste

The main mineral species found in the clay samples from the
soils and sediments sampled in the mining area were montmoril-
lonite, kaolinite, muscovite, gibbsite and jarosite. Pyrite quickly
oxidizes in the presence of water and oxygen and was not found in
the superficial soil sampled at the studied area. These data are in
agreement with Silva et al. (2013) in Santa Catarina State, Brazil,
where the main mineral found in stream sediments near a coal
mine area were quartz, kaolinite, gypsum, muscovite and
microcline.

The use of water during the coal mining and the exposure of the
coal waste to the atmosphere create appropriate environments for
sulfide oxidation and AMD generation. On the other hand, newly
formed minerals may play an important role in the attenuation of
toxic element dispersion by fixation. Jarosite, for example, is envi-
ronmentally important because this mineral can assimilate ele-
ments such as Pb and Cr within its structure (Simona et al., 2004;
Silva et al., 2013). These newly formed minerals, such as jarosite
and goethite, may be especially concentrated in the clay size frac-
tion of the sediments (Valente et al., 2015). Other important
February/2014

Sediment Soil Coal waste Sediment

3.5e5.6 2.5e4.5 3.2e4.7 3.1e5.3
4.7 ± 0.88 3.7 ± 0.8 3.9 ± 0.6 4.3 ± 0.9
2.3e4.5 1.6e3.4 2.2e3.4 2.1e4.2
3.5 ± 0.9 2.8 ± 0.8 2.8 ± 0.5 3.2 ± 0.9
0.06e1.32 0.03e2.6 0.04e1.1 0.1e1.9
0.4 ± 0.6 0.6 ± 1 0.4 ± 0.4 0.6 ± 0.9
341e415 410e494 384e461 330e445
379 ± 39 439 ± 32 425 ± 27.2 375 ± 50.9
5e52 10e45 15e85 10e37
24 ± 20 23 ± 12 42 ± 24 25 ± 11
0.45e2.7 0.7e2 1e2.5 0.7e2.4
1.4 ± 1.1 1.4 ± 0.5 1.5 ± 0.6 1.5 ± 0.9
11e90 14e38 5e15 8e76
47.1 ± 33.6 23.4 ± 4.3 11.8 ± 4.3 37.8 ± 32.8
2e75 32e73 67e79 10e79
39.7 ± 32.7 59.3 ± 16.5 72.1 ± 4.1 47.7 ± 33.6
9e20 13e30 12e28 13e20
13.2 ± 4,7 17.3 ± 6.6 16.1 ± 6.0 15.4 ± 3.1
3.7e7.8 4.6e23.5 4.8e8.7 5.1e10.3
5.3 ± 1.9 9.7 ± 7.2 6.5 ± 2.2 8 ± 2.5
17.8e43.4 17.2e187.9 25.2e61.2 31.8e73.6
30.4 ± 11.1 51.6 ± 66.9 39.3 ± 16 46 ± 19.2
19.5e1222 65.2e1,41.4 57.9e70.1 34.6e103
340 ± 588 87.4 ± 29.6 63.9 ± 23.3 58.2 ± 30.7



Table 2
Activity concentration of the radionuclides (Bq kg�1) and U isotopes ratios in cultivated soils, coal, coal ash, soybean, wheat, pine and eucalyptus (B ¼ bark; G ¼ grains;
L ¼ leaves) measured by alpha spectrometry.

Sample 210Po 238U 234U 234U/238U

Soybean Grain S1-G 2.96 ± 0.20 0.04 ± 0.02 2.40 ± 0.29 60.0 ± 14.5
S2-G 4.0 ± 0.72 0.12 ± 0.04 0.30 ± 0.08 2.50 ± 2.0

Leave S1-L 59.2 ± 2.2 0.67 ± 0.09 0.96 ± 0.12 1.43 ± 1.33
S2-L 24.8 ± 1.5 0.26 ± 0.08 0.45 ± 0.11 1.73 ± 1.38

Wheat Grain W1-G 9.44 ± 0.54 0.20 ± 0.04 0.30 ± 0.05 1.50 ± 1.25
W2-G 7.35 ± 0.39 0.20 ± 0.04 0.07 ± 0.01 0.35 ± 0.25

Leave W1-L 245 ± 41 5.66 ± 4.18 e e

W2-L 24.8 ± 1.4 0.54 ± 0.22 2.33 ± 0.58 4.31 ± 2.63

Eucalyptus Bark E1-B 6.80 ± 0.23 0.06 ± 0.03 2.14 ± 0.32 35.6 ± 10.7
E2-B 122.4 ± 9.4 0.55 ± 0.13 1.26 ± 0.22 2.29 ± 1.69
E3-B 41.6 ± 3.6 0.47 ± 0.06 0.67 ± 0.07 1.43 ± 1.17

Leave E1-L 18.1 ± 1.5 0.07 ± 0.03 0.28 ± 0.07 4.0 ± 2.33
E2-L 17.9 ± 1.1 6.32 ± 0.25 7.62 ± 0.29 1.21 ± 1.16
E3-L 26.8 ± 1.0 25.5 ± 0.7 23.6 ± 0.6 0.93 ± 0.86

Pine Bark P1-B 147 ± 6 1.32 ± 0.2 1.54 ± 0.22 1.17 ± 1.1
P2-B 23.4 ± 0.9 1.43 ± 0.34 1.40 ± 0.34 0.98 ± 1.0
P3-B 26 ± 0.8 0.08 ± 0.02 0.23 ± 0.03 2.88 ± 1.5

Leave P1-L 58.9 ± 8.1 8.76 ± 1.46 28.7 ± 3.3 3.28 ± 2.26
P2-L 31.2 ± 3.5 2.07 ± 0.8 4.69 ± 1.36 2.27 ± 1.7
P3-L 139 ± 7 0.16 ± 0.04 0.47 ± 0.07 2.94 ± 1.75

Soil e cropping area SC1 70.1 ± 3.7 22.8 ± 1.3 27.4 ± 1.4 1.20 ± 1.1
SC2 81.7 ± 4.1 40.1 ± 1.8 45.1 ± 1.9 1.12 ± 1.1

Coal ash A1 875 ± 29 1.167 ± 27 1099 ± 25 0.94 ± 0.93
A2 891 ± 29 651 ± 20 698 ± 21 1.07 ± 1.05

Coal C1 352 ± 21.3 822 ± 24 802 ± 23 0.98 ± 0.96
C2 235 ± 8 224 ± 6 182 ± 5 0.81 ± 0.83

Analytical uncertainties corresponding to 1s standard deviation.

Table 3
Transfer factor values for eucalyptus, pine, soybean and wheat samples (B ¼ bark; G ¼ grains; L ¼ leaves).

Sample TF (210Po) TF (238U) TF (234U)

Soybean Grain S1-G 0.039 0.01 0.066
S2-G 0.053 0.04 0.08
Mean ± sd 0.046 ± 0.010 0.025 ± 0.021 0.073 ± 0.010

Leave S1-L 0.780 0.021 0.027
S2-L 0.327 0.08 0.012
Mean ± sd 0.554 ± 0.320 0.051 ± 0.042 0.020 ± 0.011

Wheat Grain W1-G 0.124 0.06 0.08
W2-G 0.097 0.06 0.02
Mean ± sd 0.111 ± 0.019 0.06 ± 0.00 0.05 ± 0.04

Leave W1-L 3.223 0.180 e

W2-L 0.327 0.017 0.064
Mean ± sd 1.755 ± 2.048 0.099 ± 0.115 e

Eucalyptus Bark E1-B 0.090 0.02 0.059
E2-B 1.612 0.017 0.035
E3-B 0.548 0.015 0.018
Mean ± sd 0.0750 ± 0.781 0.017 ± 0.003 0.037 ± 0.021

Leave E1-L 0.238 0.02 0.008
E2-L 0.236 0.201 0.210
E3-L 0.353 0.811 0.653
Mean ± sd 0.276 ± 0.067 0.344 ± 0.414 0.290 ± 0.330

Pine Bark P1-B 1.933 0.042 0.043
P2-B 0.309 0.045 0.039
P3-B 0.342 0.02 0.006
Mean ± sd 0.861 ± 0.928 0.036 ± 0.014 0.029 ± 0.020

Leave P1-L 0.776 0.279 0.792
P2-L 0.411 0.066 0.129
P3-L 1.831 0.05 0.013
Mean ± sd 1.006 ± 0.737 0.132 ± 0.128 0.311 ± 0.420

Analytical uncertainties corresponding to 1s standard deviation.
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minerals are muscovite and microcline that may contribute to the
neutralization of acidic wastewater during its weathering, thus,
releasing Al-Si acids and K ions into the system (Mello et al., 2014).
Coal ash sampled in the tailing piles showed concentrations of K,
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U and Th of 5, 6 and 7 times higher when compared to the coal
samples (Fig. 2). These are in accordance with Flues et al. (2006)
and may be a result of loss of organic matter during the combus-
tion of coal.

The pH and OC of the sediment sampled downstream of the
mine (SED2 and SED4) showed lower values and higher EC values
than in upstream (Supplementary material e Table Se1), which
may represent the contact of wastes and mining wastes with the
superficial waters in the area. However, sediments from Laranjinha
river collected upstream the mine showed higher eU and eTh than
downstream the mine for both monitoring periods (Table Se1),
indicating that the radioisotopes are naturally present in high
concentrations in the studied area. As there are just a few data
available, it is not possible to affirm more detailed information
about the intensity of the mining activities impacts on sediments
and soils in the area. Thus, it would be necessary to do a more
extensive sampling in order to evaluate more precisely the effects
of coal burning and processing on soil and stream sediments
geochemistry and, consequently, possible risks to living organisms.

Some significant correlation (a ¼ 0.05) were verified between
some parameters. The matrix of Pearson's coefficients for soil and
coal waste samples are in Supplementary material (Tables Se2 and
Se3). For both periods, pH correlated negatively with EC and for
wet month, pH correlated negatively with clay content. For both
periods, EC correlated positively with K and eU. A possible expla-
nation is the acidification of soils and coal wastes due to the
oxidation of sulfide minerals (Galhardi and Bonotto, 2016), which
promotes solubilization and increase in the mobility of elements in
the environment.

The highest contamination level in the soils occurred close to
the dumps. The presence of montmorillonite - a great adsorbent of
metals and metalloids - in the coal rejects and soils may be influ-
encing these results and could explain the high amount of U in the
samples (Neiva et al., 2016).

The 234U/238U values did not change significantly for the
analyzed soils (SC1¼1.20 ± 1.1; SC2¼ 1.12 ± 1.1). This fact may be a
result of the contribution of the natural geological content of this
element in the rocks to the soils from the study area (Boryło and
Skwarzec, 2014). The 234U/238U values for coal (C1 ¼ 0.98 ± 0.96;
C2 ¼ 0.81 ± 0.83) and coal ash (A1 ¼ 0.94 ± 0.93; A2 ¼ 1.07 ± 1.05)
did not ranged pronounced, corroborating for this hypothesis.
Fig. 2. K, eU and eTh content in coal and coal ash measured by gamma spectrometry.
4.2. Uptake of radionuclides by soybean and wheat

When comparing grains and leaves of the same sampling point,
grains showed lower concentration in radioisotopes than leaves
(with exception of S1-G), as noted by Pulhani et al. (2005). This was
probably the consequence of the isolation of the grains from ra-
dionuclides deposition from the atmosphere.

Soybean and wheat grains showed lower 210Po activity con-
centration than the leaves. Grains of soybean also exhibited lower
activity concentrations of 238U and 234U than the leaves, except for
234U in S1-L and S1-G samples. Wheat samples exhibited higher
levels of 238U and 234U in the leaves than in grains. In general, grains
of wheat showed higher 210Po activity concentrations than grains of
soybean, while leaves of wheat showed higher amount of all
radionuclides.

Table 3 shows that, in general, grains of wheat showed higher TF
for 210Po and 238U than grains of soybean. Leaves of wheat exhibited
higher TF for all radioisotopes than leaves of soybean. The 210Po TF
was greater when compared with the other radionuclides for all
sample groups. For 210Po, the TF value was comparable with that
found by Mazzilli et al. (2012) for sand soils with phosphogypsum
application in soybean samples in Brazil. The few reports on the
distribution of 210Po and other radionuclides in plants (Tome et al.,
2003; Mitchell et al., 2013) makes the comparison between the
values reported here limited.

Al-Masri et al. (2008) found lower values of TF for aerial parts of
wheat grown in Syria when compared with the average values
reported in Table 3. The trend in higher TF values in tropical areas
when compared with temperate areas may be due to the climatic
conditions that enable higher leaching rate of elements and com-
pounds from rocks/soils (IAEA, 2010), including organic matter,
which can increase the bioavailability of the elements in the soils
and, consequently, the absorption by vegetables.

The recommended value of TF by IAEA (2010) for U in the case of
cereal grains is 0.018 and for leguminous plants is 0.038. These
values have been generally exceeded for both U isotopes 238U and
234U for the plants analyzed (Table 3). Radiological assessments for
non-human biota are relatively recent. Many of the approaches are
still under development (Beresford et al., 2008). According to
Mitchell et al. (2013), there is little information about the uptake of
U following deposition onto above-ground plant parts, which can
limit the comparison and the understanding about the uptake of
radionuclides from anthropic sources by plants.

The TF values must be interpreted cautiously because there is no
differentiation between adsorption to the tissue surface and real
absorption into the plant, or other mechanisms of radionuclide
retention (Favas et al., 2016), specially for the leaves. Variable dis-
tribution of U and Po in soils also difficult the interpretation of TF
values (Shtangeeva, 2010). The use of TF is based on the assumption
that the uptake of elements by plants is linear (Sheppard and
Sheppard, 1985), but the linearity may not occur, making diffi-
culties to the measurement of availability of radionuclides to plants
from soil, as each plant and soil combination may have a unique
curvilinear relationship (Shtangeeva, 2010).

Differences in bioavailability of radionuclides among soils may
or may not be based on just quantitative properties of the soils and
radionuclide concentrations in plants are not always correlated to
soil radionuclide concentrations (Sheppard and Sheppard, 1985;
Sheppard and Evenden, 1992; Shtangeeva, 2010; Tuovinen et al.,
2011). According to some authors (e.g., Sheppard et al., 2005;
Tuovinen et al., 2011; Al-Hamarneh et al., 2016), the relation be-
tween concentration of radionuclides in soil/plant tissues and TF
values is non-linear. However, the dependency of TF values on the
soil concentration should be considered (Sheppard and Sheppard,
1985; Vandenhove et al., 2009). In this paper, with little
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information available, no mechanistic prediction of TF based on soil
properties can be made.

Providing information about the TF of radionuclides from soil to
edible plants is substantive. Cultivation of organic soil where ra-
dionuclides have accumulated for a long period is an important
human exposure pathway (Saetre et al., 2013). Data analyzed for
phylogenetic effects in element concentrations in plants has
focused on concentrations in green shoots (Willey, 2014). For the
majority of plant species there are no measurements of TF and less
information is provided for radionuclides. Fundamental under-
standing of the differences in elements accumulation considering
the biodiversity, especially for edible vegetables, might be very
useful for predicting the fate of radionuclides (Willey, 2014). The
radioactive disequilibrium can be an important tool for the pre-
diction of radionuclides dynamic in the natural environment, for
both biotic and abiotic components (Boryło and Skwarzec, 2014).

The 234U/238U ratios for soybean leaves and the soil from the
studied area were close, as well as the ashes. Possibly, the contri-
bution to the U in the cultivated soil from the area comes from the
ashes that are transported from the thermal power plant and are
deposited via wet or dry deposition in the region. Shibahara et al.
(2015) found isotopic ratio of U in plant samples close to the nat-
ural isotopic abundance, suggesting no significant U contamination.
This was not verified in the studied area, where all samples
exhibited ratios different of the natural value of 234U/238U
(0.00055). These results indicate the contribution of isotopically
altered U to the atmosphere and soils.

The radioactive imbalance based on the 234U/238U values was
more pronounced in the case of soybean and wheat samples that
exhibited isotopic ratios ranging from 0.36 to 65.91 (IAEA, 2010).
Deviations from the equilibrium between 234U and 238U in envi-
ronmental samples are large (Boryło and Skwarzec, 2014). The
higher values of 234U/238U ratio may be a result of other U sources
(e.g., fertilizers, spring waters, dust and sediments; Skwarzec et al.
(2002)) in addition to soils and mining effluents. For example,
Pulhani et al. (2005) found that fertilizer application and soil
nutrient content can affect the absorption of radionuclides by
plants (Pulhani et al., 2005). Furthermore, errors while preparing
and analyzing the material and related to methodologies of plant
sampling and preparation cannot be excluded (Shtangeeva, 2010).
4.3. Uptake of radionuclides by pine tree and eucalyptus species
from the soil

Differences were observed in the TFs of Po and U among plant
species (Skoko et al., 2017). With exception of 234U, radioisotopes
showed higher mean concentration in barks of pine than of euca-
lyptus. Leaves of pine showed higher mean concentration of ra-
dioisotopes than leaves of eucalyptus, excepting 238U. Table 2
shows that, with exception of 210Po (P1-L), radioisotopes showed
lower concentrations in barks than in leaves of pine.

Themean TF was higher for the leaves of both species in the case
of 238U and 234U. The 210Po exhibited higher activity concentrations
in the pine leaves than in the eucalyptus leaves. The TF for 210Po
reached the highest values for all samples when compared to other
radionuclides (Fig. 3). The foliar deposition in the above-ground
parts of plants, in some cases, is responsible for the high contam-
ination levels of 210Po in the foliage (Mitchell et al., 2013).

Higher TFs for the radionuclides were found in the leaves than in
barks for pines. This is comparable to the findings of �Strok et al.
(2011). According to the authors, this allocation pattern is ex-
pected once in leaves the need for nutrients is higher, although the
transpiration rate and metal accumulation can be regulated by the
plants, is species specific and can also be affected by environmental
factors (�Strok et al., 2011). For example, a major contributing
pathway to radionuclides absorption by vegetables is atmospheric
deposition, which is little investigated when evaluating the root
uptake of elements (Mitchell et al., 2013).

On the other hand, an opposite relation was verified in the case
of the eucalyptus, i.e., the mean value for the TF in the case of 210Po
was higher in the bark than in the leaves. The lower mean TF in
leaves than in bark, which is not affected by atmospheric 210Pb
deposition, indicates that this cannot be explained only by the at-
mospheric deposition effect.

The maximum uptake of 238U and 234U isotopes has also been
observed for the leaves than in the bark samples for both species.
For pine sampled in an area close to a U tailing pile in Slovenia,
�Strok et al. (2011) found lower geometric means of radionuclides
for woods and foliage than those found in Figueira city. The TF
values for 238U reported by Petrova (2006) in pine leaves (range of
0.004e0.0159) were slightly higher than the values found at the
studied area, which are between 0.066 and 0.279 (Table 3).

SC2 was sampled closely to the coal mine but its 234U/238U ratio
(1.12 ± 1.1) showed no significant differences between SC1
(1.20 ± 1.1), located distant from the mine but disposed in the
preferred wind direction (SE-NW). On the other hand, S1-G, E1-B
and WL-2, located in the wind preferred direction, exhibited the
highest TFs values (60.0 ± 14.5, 35.6 ± 10.7 and 4.31 ± 2.63,
respectively), possible indicating a radioactive imbalance due to the
higher deposition of radionuclides.

Fig. 3 exhibits the mean TFs for the group of plants analyzed.
When comparing the plant species analyzed in this paper, leaves of
pine showed the highest TF value for 234U (0.311 ± 0.420), while
leaves of eucalyptus showed the highest TF value for 238U
(0.344 ± 0.414). These trees are cultivated in the area for production
of wood and cellulose, indicating that a better evaluation of the
translocation and transfer factors of radionuclides to bark and
leaves should be better investigated in order to provide a more
accurate understanding about possible exposure routes to humans.
Similar results were found by Favas et al. (2016) for terrestrial
species that could be used as diagnostic tools for monitoring U
environmental pollution in a mining area, as they accumulate more
U near the mine. Therefore, the authors alert that the use of the
biomasses from the surrounding should be restricted so these
plants could potentially be used to control U contamination in
abiotic matrices reducing risks of its transfer to higher tropic levels.

Predicting soil-to-plant transfer is important to assess radio-
nuclide bioavailability in terrestrial ecosystems. Soil properties and
natural difference in the ability of plants to assimilate radionuclides
may be one of the reasons why concentrations of radionuclides
differ significantly in various plant species in this paper. Availability
of radionuclides contributes to the degree of their transfer to plants
but other factors could help understanding potential risks related
to levels of radioactive elements in soils, from molecular to in-
dividuals and ecological scale. In general, these biological factors
are less well understood than the factors controlling availability
from soil and could bring us a better understanding about the
transfer of radionuclides from soil to plants and processes involved
(Willey, 2014). However, only complex models considering soil
characteristics could help to predict U and Po uptake, as TF is not
related to simple bioavailability parameters (Vandenhove et al.,
2009).
5. Conclusions

The results presented here give information regarding the
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availability of radionuclides that are present in agricultural soils
from areas closely to a coal mine and coal-fired power plant, giving
us in turn an indication of the potential for radionuclides uptake by
crops growing in soils affected by coal mining and burning and
pointing out the need of safety assessments in these areas.

Coal mining can affect soil quality in the investigated area in
southern Brazil, where the AMD and other environmental factors
are responsible for the leaching of U from the tailing piles to the
soils in the area, much of them used for cropping. The samples of
coal ash generated in the coal-fired power plant presented con-
centrations of K, U and Th enriched in 5, 6 and 7 times, respectively,
when compared to the coal, representing another source of radio-
nuclides for surface soils, which was corroborated by the values of
234U/238U.

Higher 210Po activity concentrations were found in the foliage of
the pines than in the bark samples, which could be explained by the
contribution of atmospheric deposition of 210Po on the trees.
Eucalyptus and pine trees can be used as biomonitors of the soil
pollution in the area, giving information about environmental as-
pects related to the impact of mining activities on the natural soils.
The leaves of wheat and soybean exhibited higher transfer factors
for 210Po and 238U than the respective grains. In some cases, the TF
exceeded those proposed by IAEA (2010), which in associationwith
the high amounts of U, Th and K found in the soils sampled in areas
affected by the coal mining can indicate that the mining activities
represent considerable environmental risks in the investigated
area.

Based on the radioactive imbalance found for some plants, the
influence of other sources of radionuclides should be better
investigated in the area in order to provide an accurate under-
standing about the natural and anthropogenic sources of these el-
ements for soils. Deviations from the natural U isotopic ratios were
recorded at all investigated areas for all the groups of samples,
which indicate possible industrial and mining sources of U for the
plants. A safety assessment of a good representation of transport
routes and accumulation of radionuclides in soils with a potential
for cultivation is important, mainly in areas contaminated with
solid waste and effluents from coal mining and industry. As a
recommendation to better understand and control the contami-
nation associated with radionuclides, it is suggested a deeper
investigation about the factors that affect the absorption of radio-
active elements by plants in tropical areas, particularly in those
where the soils used for agricultural activities is affected by
industrial and mining sources.
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elementos t�oxicos originados dos rejeitos das minas de carv~ao de Figueira no
Estado do Paran�a. PhD Thesis. Universidade de S~ao Paulo, S~ao Paulo.

Silva, L.F.O., Vallejuelo, S.F.O., Martinez-Arkarazo, I., Castro, K., Oliveira, M.L.S.,
Sampaio, C.H., Brum, I.A.S., Le~ao, F.B., Taffarel, S.R., Madariaga, J.M., 2013. Study
of environmental pollution and mineralogical characterization of sediment
rivers from Brazilian coal mining acid drainage. Sci. Total Environ. 447, 169e178.
http://dx.doi.org/10.1016/j.scitotenv.2012.12.013.

Simona, R., Andreas, B., Stefan, P., 2004. Formation and stability of schwertmannite
in acidic mining lakes. Geochim. Cosmochim. Acta 68, 1185e1197. http://
dx.doi.org/10.1016/j.gca.2003.07.015.

Skoko, B., Marovic, G., Babic, D., Sostaric, M., Jukic, M., 2017. Plant uptake of 238U,
235U, 232Th, 226Ra, 210Pb and 40K from a coal ash and slag disposal site and
control soil under field conditions: a preliminary study. J. Environ. Radioact. 172,
113e121. http://dx.doi.org/10.1016/j.jenvrad.2017.03.011.

Skwarzec, B., Boryło, A., Struminska, A., 2002. 234U and 238U isotopes in water and
sediments of the southern Baltic. J. Environ. Radioact. 61, 345e363. http://
dx.doi.org/10.1016/S0265-931X(01)00144-8.

Sohlenius, G., Saetre, P., Norden, S., Grolander, S., Sheppard, S., 2013. Inferences
about radionuclide mobility in soils based on the solid/liquid partition co-
efficients and soil properties. AMBIO 42, 414e424. http://dx.doi.org/10.1007/
s13280-013-0408-4.

�Strok, M., Smodi�s, B., Eler, K., 2011. Natural radionuclides in trees grown on a ura-
nium mill tailings waste pile. Environ. Sci. Pollut. Res. 18, 819e826.

Tome, F.V., Rodrıguez, M.P.B., Lozano, J.C., 2003. Soil-to-plant transfer factors for
natural radionuclides and stable elements in a Mediterranean area. J. Environ.
Radioact. 65, 161e175. http://dx.doi.org/10.1016/S0265-931X(02)00094-2.

Tuovinen, T.S., Roivainen, P., Makkonen, S., Kolehmainen, M., Holopainen, T.,
Juutilainen, J., 2011. Soil-to-plant transfer of elements is not linear: results for
five elements relevant to radioactive waste in five boreal forest species. Sci.
Total Environ. 410e411, 191e197. http://dx.doi.org/10.1016/
j.scitotenv.2011.09.043.

UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radia-
tions), 2010. Sources and Effects of Ionizing Radiations, 2010. UNSCEAR, New

http://refhub.elsevier.com/S0265-931X(17)30008-5/sref12
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref12
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref12
http://dx.doi.org/10.1590/0001-37652014113712
http://dx.doi.org/10.1590/0001-37652014113712
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref14
http://dx.doi.org/10.1093/rpd/nct075
http://dx.doi.org/10.1093/rpd/nct075
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref17
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref17
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref17
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref17
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref17
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref17
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref18
http://dx.doi.org/10.1016/j.scitotenv.2016.06.024
http://dx.doi.org/10.1016/j.scitotenv.2016.06.024
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref20
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref20
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref20
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref20
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref20
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref20
http://dx.doi.org/10.1007/s10967-006-0467-0
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref22
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref22
http://dx.doi.org/10.1590/S0100-40422006000400019
http://dx.doi.org/10.1007/s11356-016-7077-3
http://dx.doi.org/10.1016/0016-7037(81)90043-0
http://dx.doi.org/10.1016/0016-7037(81)90043-0
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref26
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref26
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref26
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref26
http://dx.doi.org/10.1016/0167-5087(84)90659-8
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref28
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref28
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref28
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref29
http://dx.doi.org/10.1016/0016-7037(78)90001-7
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref31
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref31
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref31
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref31
http://dx.doi.org/10.1524/ract.2012.1933
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref33
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref33
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref33
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref33
http://dx.doi.org/10.1007/s10967-010-0782-3
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref35
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref35
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref35
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref35
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref36
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref37
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref37
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref37
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref37
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref37
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref37
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref38
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref38
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref38
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref38
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref38
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref38
http://dx.doi.org/10.1088/0952-4746/33/2/R17
http://dx.doi.org/10.1088/0952-4746/33/2/R17
http://dx.doi.org/10.1007/s11356-013-1486-3
http://dx.doi.org/10.1007/s11356-013-1486-3
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref41
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref42
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref42
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref42
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref42
http://dx.doi.org/10.1016/S0265-931X(01)00071-6
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref44
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref44
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref44
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref44
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref44
http://dx.doi.org/10.1007/s10967-016-4881-7
http://dx.doi.org/10.1007/s10967-016-4881-7
http://dx.doi.org/10.1016/S0169-7722(00)00153-4
http://dx.doi.org/10.1016/S0169-7722(00)00153-4
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref47
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref47
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref47
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref47
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref48
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref48
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref48
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref48
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref48
http://dx.doi.org/10.1007/s13280-013-0400-z
http://dx.doi.org/10.1007/s13280-013-0400-z
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref50
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref50
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref50
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref50
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref50
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref51
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref51
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref51
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref51
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref52
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref52
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref52
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref53
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref53
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref53
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref54
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref54
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref54
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref55
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref55
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref55
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref55
http://dx.doi.org/10.1007/s10967-014-3542-y
http://dx.doi.org/10.1007/s10967-014-3542-y
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref57
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref57
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref57
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref59
http://dx.doi.org/10.1016/j.scitotenv.2012.12.013
http://dx.doi.org/10.1016/j.gca.2003.07.015
http://dx.doi.org/10.1016/j.gca.2003.07.015
http://dx.doi.org/10.1016/j.jenvrad.2017.03.011
http://dx.doi.org/10.1016/S0265-931X(01)00144-8
http://dx.doi.org/10.1016/S0265-931X(01)00144-8
http://dx.doi.org/10.1007/s13280-013-0408-4
http://dx.doi.org/10.1007/s13280-013-0408-4
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref65
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref65
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref65
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref65
http://dx.doi.org/10.1016/S0265-931X(02)00094-2
http://dx.doi.org/10.1016/j.scitotenv.2011.09.043
http://dx.doi.org/10.1016/j.scitotenv.2011.09.043


J.A. Galhardi et al. / Journal of Environmental Radioactivity 177 (2017) 37e47 47
York. http://www.unscear.org.
USEPA (United States Environmental Protection Agency), 1995. Human Health and

Environmental Damages from Mining and Mineral Processing Wastes. Archive
document. Office of Solid Waste. US Environ. Protection Agency.

Valente, A., Grandeb, J.A., de la Torre, M.L., Gomes, P., Santistebanb, M., Borregob, J.,
Sequeira Braga, M.A., 2015. Mineralogy and geochemistry of a clogged mining
reservoir affected by historical acid mine drainage in an abandoned mining
area. J. Geochem. Explor. 157, 66e76.

Vandenhove, H., Olyslaegers, G., Sanzharova, N., Shubina, O., Reed, E., Shang, Z.,
Velasco, H., 2009. Proposal for new best estimates of the soil-to-plant transfer
factor of U, Th, Ra, Pb and Po. J. Environ. Radioact. 100, 721e732.
Vasconcellos, L.M.H., Amaral, E.C.S., Vianna, M.E., Franca, E.P., 1987. Uptake of 226Ra
and 210Pb by food crops cultivated in a region of high natural radioactivity in
Brazil. J. Enviro. Radioact. 5, 287e302.

Vergotti, M., 2008. Uso do 210Pb no estudo da deposiç~ao de mercúrio em lagos da
bacia do rio Madeira (RO), 126 fl. PhD Thesis. UNESP, Rio Claro.

Willey, N.J., 2014. Soil to plant transfer of radionuclides: predicting the fate of
multiple radioisotopes in plants. J. Environ. Radioact. 133, 31e34. http://dx.doi.
org/10.1016/j.jenvrad.2013.07.023.

Zhao, C.M., Campbell, P.G.C., Wilkinson, K.J., 2016. 2016. When are metal complexes
bioavailable? Environ. Chem. 13, 425e433.

http://www.unscear.org
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref69
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref69
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref69
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref70
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref70
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref70
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref70
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref70
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref71
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref71
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref71
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref71
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref72
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref72
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref72
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref72
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref73
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref73
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref73
http://dx.doi.org/10.1016/j.jenvrad.2013.07.023
http://dx.doi.org/10.1016/j.jenvrad.2013.07.023
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref15
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref15
http://refhub.elsevier.com/S0265-931X(17)30008-5/sref15

	Natural radionuclides in plants, soils and sediments affected by U-rich coal mining activities in Brazil
	1. Introduction
	2. Material and methods
	2.1. General features of the study area
	2.2. Collection and treatment of the samples
	2.3. Chemical and physical analyses in soils, coal waste and sediment
	2.4. Gamma spectrometry analysis in sediments, coal, coal waste, coal ash and soils from mine
	2.5. Extraction by UTEVA resin and alpha spectrometry analysis in coal, coal waste, coal ash, plants and cultivated soils

	3. Results
	3.1. Chemical, physical and gamma spectrometric parameters for sediments, soils and coal waste from mine
	3.2. Biomonitoring and alpha spectrometry results

	4. Discussion
	4.1. Chemical features of the soils, sediments and coal waste
	4.2. Uptake of radionuclides by soybean and wheat
	4.3. Uptake of radionuclides by pine tree and eucalyptus species from the soil

	5. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


