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Abstract The Trans-Amazonian Highway (TAH) is
located in the northern region of Brazil, comprising a
border region where agricultural, mining, and logging
activities are the main activities responsible for fostering
economic development, in addition to large hydroelec-
tric plants. Such activities lead to environmental con-
tamination by potentially toxic elements (PTEs). Envi-
ronmental monitoring is only possible through the de-
termination of element contents under natural condi-
tions. Many extraction methods have been proposed to
determine PTEs’ bioavailability in the soil; however,
there is no consensus about which extractor is most
suitable. In this study, we determined the contents of
PTEs in soils in the surroundings of TAH after mineral
extraction with diethylenetriaminepentaacetic acid-
triethanolamine (DTPA-TEA), Mehlich I, and Mehlich
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IIT solutions. Soil samples were collected in areas of
natural vegetation in the vicinity of TAH in the state of
Para, Brazil. Chemical attributes and particle size were
determined, besides concentrations of Fe, Al, Mn, and
Ti by sulfuric acid digestion, Si after alkaline solution
attack, and poorly crystalline Fe, Al, and “free” Fe
oxides. Mehlich III solution extracted greater contents
from Fe, Al, and Pb as compared to Mehlich I and
DTPA-TEA and similar contents from Cd, Mn, Zn,
and Cu. Significant correlations were found between
concentrations of PTEs and the contents of Fe and Mn
oxides as well as organic carbon and soil cation ex-
change capacity. Contents of Cu, Mn, Fe, and Zn by
the three methods were positively correlated.

Keywords Heavy metals - Extraction methods - Soils of
the Amazon - PCA

Introduction

Potentially toxic elements (PTEs) occur naturally in
the soils as a result of weathering. By definition,
they have atomic density greater than 6 g cm > and
atomic number greater than 20 (Alloway 1995). The
natural concentrations of PTEs in the soils are gen-
erally low, but the intensive use of fertilizers and
pesticides, along with increased industrial and min-
ing activities, has contributed significantly to in-
crease PTEs’ contents in the soils. Because of these
polluting sources, farmable areas have been reduced
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(Cancela et al. 2002; Kabata-Pendias and Pendias
2010).

Soil contamination by PTEs depends on the chemical
species of the element and its concentration in the soil.
PTEs are found in soils as soluble, exchangeable, oc-
cluded, precipitated, or complex forms (Luo et al. 2005).
Ba, Mn, Fe, As, Cd, Pb, Hg, Co, Cu, Cr, Ni, Se, and Zn
are potentially toxic to organisms, and most are com-
monly found in contaminated Brazilian soils
(CONAMA 2009).

Nowadays, studies have been carried out taking
PTEs’ total or pseudo-total contents into account.
Such contents, however, do not provide adequate
information about the potential risk of contamina-
tion, because not all forms of metals present in the
soil are available for plant uptake (Zhang et al. 2010;
Luo et al. 2012). The availability depends on soil
characteristics such as organic matter content, cation
exchange capacity (CEC), pH, texture, clay fraction
composition and content, and biological activity
(Basar 2009), in addition to the characteristics of
each metal such as ionic radius, chemical speciation,
and metal content in the solution.

There are several methods to extract contents of PTEs
in the soil, and the mean values of extracted contents by
each method are heterogeneous. Variations occur main-
ly due to soil diversity (Fadigas et al. 2002) and due to
various extraction solutions. So, it is difficult to extrap-
olate or to compare the values from one to another
region (Biondi et al. 2011).

Monitoring the forms of available PTEs depends, in
part, on an efficient chemical method to measure avail-
able fractions of these elements. Among the extractors
used to evaluate availability of PTEs for plants are
diluted acidic solutions, such as Mehlich I (Mehlich
1953), and chelators, DTPA (Lindsay and Norvell
1978), and mixed solutions such as Mehlich III
(Mehlich 1984).

Comparisons between extraction solutions are com-
plex because of the different soil conditions where they
are evaluated and the principle of each extraction meth-
od (Disla et al. 2010). Acidic extractors remove ele-
ments present in the exchangeable forms of the solid
phase, solution, and part of the complexes. Complexants
extract, predominantly, labile forms and forms prefera-
bly associated with organic matter (Abreu et al. 2002;
Menezes et al. 2010).

Para State is the second largest state in the Brazilian
Amazon with a total area of 1,247,950.003 km?2. It
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presents great diversity of soils and holds intense fram-
ing and mining activities. These activities are concen-
trated along federal and state highways. Nevertheless,
uncontrolled exploitation has contributed to ecosystem
changes with biodiversity loss (Fearnside and Millikan
2012). The Trans-Amazonian Highway (BR-230) is
among the most important highways in the region,
which is approximately 5,000 km long and runs through
the Brazilian states of Paraiba, Ceara, Piaui, Maranhao,
Tocantins, Para, and Amazonas.

The Trans-Amazonian Highway crosses the state
of Pard from east to west, connecting it to the states
of Tocantins and Amazonas. This is a border region
that, since 1970, has received investment from the
federal government for the installation of large pro-
jects such as hydroelectric plants, mining, vegetal
extractivism, land reform settlement, agriculture,
and livestock, which comprise its main economic
activity. These activities have contributed to high
rates of deforestation (Tourneau and Bursztyn
2010; Fearnside and Millikan 2012) and soil pollu-
tion by PTEs.

The state of Para and the Amazon as a whole present
no studies on PTEs, as well as a definition of the most
appropriate method to estimate availability. Thus, the
objective of this study was to determine the contents of
potentially toxic elements in the soils in the surround-
ings of the Trans-Amazonian Highway through
diethylenetriaminepentaacetic acid-triethanolamine
(DTPA-TEA), Mehlich I, and Mehlich III extraction
solutions and to correlate physical and chemical soil
attributes.

Materials and methods

Soil sampling was performed in the vicinity of the
Trans-Amazonian Highway since the municipality of
Sdo Domingos do Araguaia, on the border with To-
cantins State, until the municipality of Jacareacanga,
bordering Amazonas State (Fig. 1), in order to com-
pose a heterogeneous set of physical chemical soil
attributes.

According to Koppen classification, the climate is
equatorial, Am-Aw type, with minor variations in the
whole state. Annual average temperatures range from 25
to 27 °C. Annual rainfall varies between 1,400 and
2,800 mm, with a dry period (August to December)
and a rainy season (January to July), which concentrates
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Fig. 1 Location map of soil sampling areas in the vicinity of the Trans-Amazonian Highway in Para State

more than 70 % of the annual precipitation (Falesi 1986;
Rodrigues et al. 2007). Geologically, the area of influ-
ence of the Trans-Amazonian Highway in Para State is
represented by lithologies from the Archean and
Pre-Cambrian, Ordovician, Carboniferous, Jurassic,
Cretaceous/Tertiary, and Quaternary periods
(Rodrigues et al. 2007).

The soils studied were classified as Oxisols (60 % of
the total area), Ultisols (27 %), Alfisols (2 %), Entisols
(4 %), and subgroup Plinthic (7 %). These soil classes
were mapped and characterized based on the criteria and
differential characteristics established to fit them in the
USDA Soil Taxonomy (USDA-NRCS 1999). Soil clas-
sification was estimated using the ArcGIS 10.1 software
program by overlapping information plans related to
soils in the region, based on the work developed by
the Ecological Economic Zoning project of the area of
influence of BR-163 (Cuiaba-Santarém) and BR-230
(Trans-Amazonian) highways in the state of Para

(Rodrigues et al. 2007) and the Trans-Amazonian High-
way soils (Falesi 1986). Samples were collected in areas
of primary vegetation, at least 100 m away from the
main highway and secondary roads.

Samples were collected at a 0.0-0.2-m-depth layer
by taking ten subsamples every 70 m to obtain a com-
posite sample. Homogeneity among samples was con-
sidered regarding color, texture, topography, drainage,
and vegetation, according to the methodology proposed
by Silva (1999). Three composite samples were collect-
ed in each area, totaling 135 samples in 45 equidistant
areas, approximately between 20 and 40 km. Samples
were collected with a stainless steel auger according to
the procedures adopted by CETESB (2001) to avoid
contamination. Samples were air dried, crumbled, ho-
mogenized, and sieved through a 2.0-mm mesh,
resulting in air-dried fine earth (ADFE).

Particle size analysis was performed by the pipette
method using 0.1 M NaOH solution as a chemical
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dispersant and high-speed mechanical stirring for
10 min. Clay fraction was separated by sedimentation,
sand was separated by sieving, and silt was calculated
by difference (Gee and Or 2002).

pH was determined potentiometrically using 1:2.5
soil/water ratio. Calcium, magnesium, and aluminum
were extracted with 1 M KCl solution. A" was quan-
tified by titration with 0.025 M NaOH and Ca®" and
Mg”* by atomic absorption spectrophotometry (Ander-
son and Ingram 1992). K" and P were extracted by
Mehlich I (0.05 M HCI + 0.0125 M H,SO,4) (Mehlich
1953). K" was determined by flame photometry and P
by colorimetry.

Potential acidity (H'AI*") was extracted from 1 M
calcium acetate buffered solution (pH 7.0) and deter-
mined by titration with NaOH (Anderson and Ingram
1993). Organic carbon (OC) was measured by colorim-
etry, according to Raij et al. (2001). Sum of bases (SB),
CEC, base saturation (V%), and aluminum saturation
(m%) were then calculated.

Contents of Al, Fe, Mn, and Ti oxides expressed as
oxides (F6203As, A1203A87 MHOAs, and TIOAs) were
extracted by the sulfuric acid digestion method using
H,SO,4 (1:1). Contents of Si oxide (expressed as
Si0O,5) were extracted by 1 M NAOH solution. Con-
tents of Fe, Al, and Mn were determined by atomic
absorption spectrophotometry, Ti by colorimetry, and
Si by gravimetry, as described by EMBRAPA (1997).
The weathering indices Ki (SiO,/Al,05, moles per
mole) and Kr [SiO,/(Al,05+Fe,053), moles per mole]
were calculated. The Ki index is used to assess the
degree to which tropical soils have been altered or
weathered. For highly weathered Brazilian Oxisols, Ki
is an indirect measure of the relative proportions of
kaolinite and gibbsite. Poorly crystalline oxides (“amor-
phOU.S”) of F6203 (Feox), A1203 (Alox), MnO (Mnox)
were extracted by an oxalic acid and ammonium oxalate
solution, while “free” or crystalline iron oxides (Fepcp)
were extracted with sodium dithionite-citrate-
bicarbonate (Mehra and Jackson 1960; Loeppert and
Inskeep 1996).

Available contents of Cd, Cr, Pb, Co, Cu, Fe, Mn, Al,
Ba, and Zn were extracted in triplicate using three
extractants: Mehlich I (already described); DTPA-TEA
containing 0.005 M DTPA, 0.01 M CaCl,, and 0.1 M
TEA, pH 7.3 Lindsay and Norvell (1978); and Mehlich
III extraction solution containing 0.2 M of CH;COOH +
0.25 M of NH4NOs + 0.015 M NH4F + 0.001 M EDTA
(Mehlich 1984). Determinations were made by flame
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atomic absorption spectrophotometry (AAS). Limits of
quantification (LOQs) were calculated using the means
of each element analytical blanks over the sample stan-
dard deviation (ICH 1996).

Descriptive data analysis was used to determine the
measures of central tendency and variability. Normality
tests of Shapiro-Wilk were carried out. Pearson correla-
tion was obtained between contents of PTEs, soil attri-
butes, and the methods used. Exploratory analysis was
conducted with contents of PTEs by composition of
box-plot graphs to identify anomalous values. Kruskal-
Wallis and kruskalme significance test (p<0.01) were
applied for comparison of elements between the
methods. Principal component analysis was used, in
the group of soils, to summarize the values of physical
and chemical properties between extraction solutions.

Principal components analysis (PCA) was used to
visually explore the principal features of the analytical
data and the distribution of the PTE contents in the soils.
PCA is an unsupervised multivariate technique in which
new variables (called principal components or PCs) are
calculated as linear combinations of the original vari-
ables (soil attributes and PTEs contents). The essential
characteristics of the multidimensional dispersion are
obtained when most of the variation is explained by
graph grid in the first, second, third, or more component
of coordinate of plotted points. It was thus possible to
display the information graphically using the first, sec-
ond, third, or more PCs (in this case, PCs typically had
eigenvalues >1). The grid values allow us to identify
samples or groups with similar results and the correla-
tions between the original variables. PCA was per-
formed with Statistica 7.0 software (StatSoft 2005).

Results and discussions

The soils are acidic with mean pH in H,O of 4.2
(Table 1). OC contents presented an average of
5.9 g kg ! and varied from 1.4 to 17.1 g kg . Distribu-
tion was not normal due to a wide variation, which can
be attributed to soil variability. Organic matter is one of
the soil components that mostly contribute to CEC and
metal retention, while increased acidity provides the
presence of free cationic forms, which are more prone
to leaching (Campos 2010). Mean base saturation (BS)
was 9.7 millimoles of charge (mmol.kg ', which is
considered low, with an amplitude of 2.9 to
76.9 mmol kg . This suggests low nutrient availability
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Table 1 Descriptive statistics of

soil attributes in the surroundings Variable Mean Median ~ Minimum  Maximum  Standard deviation =~ CV
of the Trans-Amazonian High-
way in Paré State, Brazil pH H,O 42 4.0 35 6.1 0.6 14.8
pH KCl 3.6 35 2.9 5.3 0.5 12.9
ApH —0.6 —0.5 -1.7 0.1 0.4 61.2
mmol kg '
K" 0.1 0.1 0.01 0.3 0.0 458
Ca 6.9 33 2.1 64.7 12.4 178.5
Mg 26 1.6 0.7 17.9 3.1 119.7
AP* 14.3 12.6 0.1 40.9 10.6 74.1
H' +AP" 54.8 50.2 20.8 179.3 28.3 51.6
Na” 0.03 0.03 0.01 0.08 0.01 50.33
SB 9.7 5.7 2.9 76.9 14.7 152.5
CECt 64.4 62.1 271 183.2 28.5 442
CECe 23.9 214 5.0 77 15 62.7
Other
P(mgkg") 77 7.1 12 27.4 3.7 479
V(%) 14.8 9.1 2.1 73.7 15.2 102.6
m (%) 61.1 70.7 0.1 91.8 26.5 434
gkg!
ocC 5.9 52 1.4 17.1 53 523
Clay 330.9 3403 129.8 479.0 71.2 215
Sand 529.6 532.0 1239 776.4 95.6 18.1
Silt 138.5 116.5 80.3 5359 76.9 55.6
Feox 2.50 2.00 0.62 12.46 1.91 76.46
Mngox 0.80 0.57 0.14 4.71 0.81 101.64
Alpx 25.98 27.94 5.47 42.56 9.91 38.15
Fepcs 25.21 17.04 1.14 119.10 22.67 89.92
Sias 114.0 99.0 7.0 300.0 68.06 59.70
Alxs 12722 112.66  29.57 261.52 59.97 47.14
Feas 51.62 33.73 7.63 221.43 54.55 105.67
Mnug 472 3.10 0.40 24.29 483 102.15
Tias 0.22 0.09 0.01 1.29 0.31 142.54
Weathering index
DCB citrate-dithionite-bicarbon- Ki 1.5 1.49 0.40 2.44 0.47 31.83
ate, OX acid ammonium oxalate, Kr 12 1.22 033 1.79 0.38 32.40

AS sulfuric acid digestion

and high levels of exchangeable Al (14.3 mmol kg ")
mainly caused by the high weathering degree (Fageria
and Moreira 2011).

Soil particle size distribution showed predominance
of sand fraction in relation to fine, clay, and silt fractions.
The dominant textural class ranged from clayey sandy to
sandy clay loam.

Mean contents of Fe oxides extracted by DCB were
higher than those extracted by ammonium oxalate,

highlighting the predominance of crystalline forms as
compared to the amorphous ones. Oxides and hydrox-
ides are among the variables that mostly influence the
mobility of PTEs in soils from humid tropics (Alleoni
et al. 2005). Low Ki and Kr values characterized the
soils as highly weathered with predominance of clay
minerals of the kaolinite group (Campos et al. 2012).
Mean contents of PTEs presented a wide variation,
indicating asymmetric distribution of elements and lack
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of data normality (Table 2), which may be related to
heterogeneity in soil physical chemical properties.

Cr content was below LOQ for all extractors. Cr
content below LOQ may be indicative of geochemical
affinity for iron oxides, which limits the mobility in the
system (Adriano 2001). Andrade et al. (2009) assessed
the concentration of PTEs in mining areas of the state of
Parand, Brazil and observed Cr contents extracted by
DTPA-TEA to be below the limit of detection (LOD).
Otero et al. (2012) investigated the availability of toxic

elements in Spain and also reported Cr levels extracted
by Mehlich III to be below LOD.

Al>Fe>Mn were the elements with the highest con-
tents regardless of the extractor (Table 2). Rodrigues
et al. (2001) evaluated extraction solutions for available
contents of Fe and Mn in Ultisols and Oxisols of the
Brazilian Amazon region and also noted higher levels of
Fe compared to Mn regardless of the extractor used; the
following decreasing order of contents was verified:
Mehlich III>Mehlich I>DTPA-TEA. High levels of

Table 2 Descriptive analysis of potentially toxic elements determined by DTPA-TEA, Mehlich I, and Mehlich III extraction solutions

Variable Al Ba Co Cu Cd Cr Fe Mn Pb Zn
mg kg-'

DTPA-TEA
N? 135 135 134 130 45 Nd® 135 135 71 135
LQ 0.67 0.42 0.004 0.001 0.001 0.01 0.03 0.04 0.003 0.07
Mean 44.60 3.27 0.19 1.19 0.03 - 103.4 18.06 0.05 0.75
Median 3232 2.81 0.05 0.26 0.01 - 93.40 5.09 0.04 0.33
Minimum 332 0.10 0.01 0.01 0.01 - 16.87 0.14 0.02 0.05
Maximum 152.0 14.1 1.74 26.30 0.11 - 216.7 143.8 0.16 9.60
CV (%) 81 83 185 338 115 - 53 181 57.87 214.1
S\K/C _k _* % _k _% _ _%* _%* _k _k

Mehlich I
N? 135 133 135 127 73 Nd° 135 135 111 132
LQ 0.4 0.62 0.004 0.02 0.001 0.01 0.11 0.04 0.02 0.03
Mean 170.7 4.50 0.70 1.11 0.07 - 63.54 8.32 0.30 0.78
Median 163.0 3.30 0.71 0.40 0.06 - 55.10 3.80 0.22 0.25
Minimum 16.80 0.40 0.01 0.10 0.02 - 4.50 0.30 0.001 0.10
Maximum 548.1 12.2 2.07 21.95 0.19 - 193.5 39.25 1.39 11.80
CV (%) 61 59 51 298 86 - 57 126 66 257
SWC _k _k _%k 3k _% _ %k %k _k _k

Mebhlich III
N? 135 129 135 128 49 Nd° 135 135 116 135
LQ 1.2 0.01 0.001 0.002 0.001 0.02 0.05 0.05 0.001 0.001
Mean 657.31 6.96 0.75 1.88 0.07 - 231.0 13.88 0.57 0.65
Median 696.99 2.36 0.60 0.42 0.09 - 197.1 4.53 0.45 0.33
Minimum 132.94 0.19 0.10 0.02 0.01 - 71.88 0.48 0.04 0.03
Maximum 1,147.2 52.0 3.61 39.34 0.19 - 809.0 113.4 3.76 8.45
CV (%) 31 157 91 317 82 - 67 166 108 196
SWC _k _k _%k 3k _% _ %k %k _k _k

LQ limit of quantification

*p<0.01 (significant at this level by Shapiro-Wilk normality test between soil samples)

#Number of soil samples analyzed with results above the LOQ
® Values below limit of quantitation (SSA)
¢ Normality test of Shapiro-Wilk
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these elements reflect abundance and dynamics in the
soil, as a result of the high degree of weathering. Con-
tents depend on redox potential, chemical speciation,
and oxidation of soil and reflect the predominance of
oxides in the clay fraction of the soil (Biondi et al. 2011).

Cu and Zn contents had higher coefficients of varia-
tion (CVs) than the other elements (Table 2). Heteroge-
neity in soil physicochemical characteristics (Table 1)
affects metal dynamics and availability and contributes
to raise the coefficient of variation (Basar 2009). Sam-
ples collected in Alfisols, Oxisols, and Entisols with
anthropic A horizon showed high contents of Cu and
Zn. On the other hand, 70 % of Oxisols samples pre-
sented contents smaller than 3 mg kg '. Heterogeneity
between soil classes and between soil samples of the
same class contributes to data dispersion (Fig. 2). The
low contents of extracted Cu and Zn, in most soils
(70 %), may be related to the strong adsorption of PTEs
to Fe, Al, Mn oxides/hydroxides, and OC, in addition to
intensive leaching McBride et al. (2004), which is com-
mon in acidic soils such as those of the Amazon. In
Spain, Cancela et al. (2002) evaluated the availability of
Cu, Mn, Fe, and Zn in soils under natural conditions and
detected greater variations of Cu and Zn when
compared to Fe and Mn for the DTPA-TEA and
Mehlich III extractors.

Pb mean contents were low, with the following order
of extraction: Mehlich III>Mehlich I>DTPA-TEA
(Table 2). The highest CV in Mehlich IIT (108 %) is
related to samples collected in areas with high concen-
tration of OC. Pb is strongly associated with organic
compounds. As Mehlich III is an acidic solution com-
bined with a complexing agent (EDTA), it is efficient in
extracting the contents of metals associated with the
organic fraction (Abreu et al. 1998). Furthermore,
EDTA increases Pb solubility because of its high equi-
librium constant and strong chemical affinity (Luo et al.
2005). OC contents varied between soil samples of the
same class and of different classes (Table 1), and this
may have contributed to the heterogeneity of Pb con-
tents extracted by DTPA-TEA, Mehlich I, and Mehlich
III (Fig. 2). Abreu et al. (1998) found higher Pb contents
in surface horizons of soils in the state of Sdo Paulo
extracted by DTPA-TEA and Mehlich III than in sub-
surface samples. Abreu et al. (1998) attributed this
variation to the heterogeneous distribution of OC
in the soil profile.

Other factors contributing to the low contents of Pb
in soils are the low solubility of the element and the

strong adsorption to Fe and Mn oxides (Abreu et al.
2004). In Oxisols and Ultisols under natural conditions
in the state of Sdo Paulo, Abreu et al. (1995) reported
high amplitudes in the contents extracted by DTPA-
TEA (0.6 to 5.9 mg kg '), Mehlich I (1.1-
2.6 mg kg '), and Mehlich III (4.6 to 11.0 mg kg ")
and attributed this variation to the variation in
oxide contents.

Cd had the lowest variation among the elements
analyzed for all extraction solutions (Table 2).
However, contents did not present a normal distri-
bution between soil samples (Fig. 2). This hetero-
geneity could be attributed to parent material di-
versity. In the study area, 87 % are Oxisols and
Ultisols predominantly of “Alter do Chao” Forma-
tion and 2 % are Alfisols of Penatecaua Formation
(Rodrigues et al. 2007). Soils formed from basic
rocks exhibit higher levels of PTEs in relation to
soils developed under the influence of acidic rocks
(Kabata-Pendias and Pendias 2010).

The low levels of Cd may be related to high mobility
due to low affinity with Al and Fe oxides (Kabata-
Pendias and Pendias 2010), which are predominant in
the soils of the state of Para (Falesi 1986). Birani (2010)
found available contents of PTEs in soils of the state of
Para and reported lower means and ranges for Cd com-
pared to the elements Ba, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn, attributing these low concentrations to high
soil weathering degree and acidic conditions that
favor solubility.

Ba contents were the fourth highest, averaging 3.3,
4.5, and 7.0 mg kg ' for DTPA-TEA, Mehlich I, and
Mehlich III, respectively. Higher values of Ba, com-
pared to other PTEs, may be related to its higher con-
tents in the parent material and to the replacement of K
in the feldspar structure, which can be mobilized under
different environmental conditions (Biondi et al. 2011).
Additionally, contents vary according to soil character-
istics such as pH, clay, and OM (Merlino et al. 2010). In
soils from another region of Para, Birani (2010) reported
lower contents of PTEs compared to those found in the
soils of this study, averaging 0.1, 2.9, and 0.2 mg kg "'
for Mehlich I, Mehlich III, and DTPA-TEA,
respectively.

The state of Para does not have studies to determine
classes of interpretation and definition of extractors to
assess contents of available micronutrients in the soil.
We compared the values from our study with classes of
micronutrient interpretation in use in different Brazilian
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states. Due to lack of data normality, comparison was
performed by the median contents.

Cu, Zn, and Mn contents found in soils in the
surroundings of the Trans-Amazonian Highway
were below the minimum sufficient for nutritional
requirements of the main crops, according to the
classes of interpretation for micronutrients (Raij
2011; Alvarez Venegas et al. 1999; EMBRAPA
2007). Low contents of Cu, Zn, and Mn are indi-
cators of deficiency and the need of fertilization
with micronutrients.

In general, Fe concentration was higher than the
average reported in other Brazilian regions and another
region of Para State for all extractors (Raij 2011; Alva-
rez Venegas et al. 1999; EMBRAPA 2007). High levels
may be related to genesis and weathering degree, with
predominance of secondary minerals such as hematite
and goethite in the clay fraction (Burak et al. 2010).

@ Springer

High Fe contents can cause toxicity and affect the avail-
ability of other nutrients such as P (Farella et al. 2007).
Contrasts between extractors and classes of interpreta-
tion emphasize the importance of determining available
contents at the regional level and, from these, establish-
ing reference values. The extrapolation of values to
regions different from those of data collection or for
comparison of extraction solutions can cause inadequate
intervention and changes in soil quality and human
health.

Pearson correlations (p<0.05 and p<0.01) were
established for metals between extraction solutions
(Table 3), except for Pb and Cd, which showed no
significant correlations. Lack of correlation might be
related to the low contents extracted. Positive correla-
tions (p<0.05 and p<0.01) were found among the
DTPA-TEA, Mehlich I, and Mehlich III methods re-
garding extraction of Mn, Zn, and Cu (Table 3). Sarto
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et al. (2011) reported a significant correlation for Mn,
Cu, and Zn contents by Mehlich I and by Mehlich III in
the soils of Parana. Brennan et al. (2008) also found
positive correlations between Cu and Zn concentrations
extracted by Mehlich III and DTPA-TEA on Irish soils.

Al and Co contents extracted by Mehlich I and
Mehlich III were positively correlated (Table 3). Sig-
nificant correlations between Mehlich I and Mehlich
IIT are assigned to the intimate relation between
extraction solutions, because the chemical extraction
principle is similar, with high acidity, providing high
element solubilization (Sarto et al. 2011). Ba and Fe
contents extracted by DTPA-TEA correlated posi-
tively with those extracted by Mehlich III (Table 3).
Similarity between extractors can be related to the
presence of the EDTA and DTPA complexing agents
in the extraction solutions (Brennan et al. 2008),
because they present the amino and carboxylic
groups, which have affinity for Ba and Fe. Abreu
et al. (2004) found a positive correlation coefficient
of 0.82 for Fe contents extracted by Mehlich III and
TEA-DTPA in the soils of the state of Sdao Paulo,
Brazil.

Significant positive correlations between the contents
of most PTEs extracted by DTPA-TEA, Mehlich I, and
Mehlich III show similarity and suitability of extractants
to estimate these metal concentrations, which are avail-
able to plant uptake or to be leached into underground
water (Kabata-Pendias and Pendias 2010). Dispersion
of points can be attributed to heterogeneity in physical
and chemical properties and high weathering degree of
soils, mostly Oxisols and Ultisols. Furthermore, solu-
tions act differently according to the soil fractions where
the elements are adsorbed or complexed (Bortolon and
Gianello 2009), justifying different extractions between
extractants for the same soil sample.

Pearson correlation between contents of PTEs and
physical chemical attributes of the soil can be consid-
ered low (Table 4). OC concentration was positively
correlated with Zn, Mn, Ba, and Cd contents extracted
by Mehlich I and Al, Cd, Ba, and Zn contents extracted
by DTPA-TEA. Correlations between the contents of
OC and PTE:s are indicative of complexation/adsorption
of these elements by organic anions derived from humic
and fulvic acids by binding to oxygen in carboxylic and
phenolic groups (Nascimento et al. 2002), which rein-
forces the importance of OM in the retention of PTEs in
Amazonian acidic soils. Roca et al. (2012) found a
positive correlation between Cu, Cd, Mn, and Zn

contents extracted by DTPA-TEA and organic carbon
in the soils from semiarid Argentina.

Cu and Zn contents were positively correlated with
CEC, clay, and OC contents regardless of the extractor.
In highly weathered Amazonian soils, CEC is depen-
dent on both content and type of clay as well as on
organic carbon content (Nogueirol et al. 2010). Organic
carbon is one of the variables that mostly influence
exchangeable cations and availability of PTEs in the
soil (Otero et al. 2012).

pH was negatively correlated with Al and Co con-
tents extracted by Mehlich I and Mehlich I1I and with Fe
contents extracted by DTPA-TEA and Mehlich I. On the
other hand, it was positively correlated with Cu, Mn,
and Zn contents for the three extractors and with Ba
when extracted by DTPA-TEA and Mehlich III
(Table 4). Correlations between pH and metals suggest
that the mobility of these elements is linked to the acid-
base conditions of the soil. In the soils of Ireland,
Brennan et al. (2008) reported a positive correlation
between Zn and Cu contents extracted by Mehlich III
and DTPA-TEA and pH, both in calcareous and
sandstone parent soils. In Spain, Otero et al. (2012)
reported a positive correlation between pH and Cu, Pb,
and Zn contents extracted by Mehlich III.

Lack of correlation between some PTEs and pH may
be related to low element content in acidic soils (Zhang
et al. 2010) of humid tropical regions, due to intense
leaching and microbial activity, which promotes solubi-
lization and losses by leaching (Fonseca et al. 2010).
Fonseca et al. (2010) reported that pH was the main
factor affecting Cu, Fe, Mn, and Zn availability in soils
from Parana State.

Clay contents showed positive correlations with Ba,
Cu, and Al contents extracted by Mehlich I, Cu by
DTPA-TEA and Cu and Zn by Mehlich III (Table 4).
Clay concentration is one of the most important factors
when evaluating the contents of PTEs in the soil because
of the association between PTEs and clay minerals
(Alleoni et al. 2005). Correlation between clay and
only a few metals extracted by solutions can be
associated with sand fraction predominance in the
upmost surface layer, with low sorptive capacity. Roca
et al. (2012) observed a positive correlation between
clay and Cu, Zn, Mn, and Fe contents extracted by
DTPA-TEA in the soils of Argentina. Moreover, Birani
(2010) compared the availability of EPTs by DTPA,
Mebhlich I, and Mehlich III in uncultivated soils of Para
State and did not obtain a positive correlation between

@ Springer
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Table 4 Correlation coefficient between potentially toxic elements and soil attributes surrounding Trans-Amazonian Highway

Fe Mn Al Co Cd Cu CuBa Zn Pb
DTPA-TEA
pH —0.34* 0.41* -0.19 0.08 0.18 0.45* 0.31* 0.67* -0.17
oC —-0.02 0.06 031%* —0.24 0.34%* 0.18 -0.27 0.55% —-0.19
P 0.05 -0.20 —-0.09 —0.08 —-0.08 -0.20 -0.03 -0.21 0.18
CECe -0.02 0.23 0.10 -0.19 0.21 0.49* -0.24 0.63* 0.01
Clay 0.03 0.17 0.33* —0.19 0.20 0.36* —0.49%* 0.22 —-0.19
Fepcr 0.19 -0.02 0.09 —-0.10 0.23 0.09 0.01 0.07 —-0.16
Feox 0.45* -0.22 0.39* -0.23 0.13 -0.14 —0.28 0.01 -0.22
Mngox —0.42% 0.95% —0.11 0.37* 0.29 0.76* 0.23 0.32% —0.02
Ki -0.15 0.00 0.13 -0.29 0.06 0.29 -0.19 0.17 0.01
Mehlich I
pH -0.26 0.26 —0.53* 0.49%* —-0.05 0.48* 031* 0.65% 0.22
oC -0.16 -0.27 0.28 —0.03 0.14 023 -0.27 0.58%* 0.03
P 0.52%* -0.09 0.52* -0.08 —-0.01 -0.20 —-0.03 -0.19 -0.25
CECe —0.04 -0.12 0.33* —0.07 —0.00 0.57* -0.24 0.66* 0.21
Clay 0.03 -0.29 0.13 0.09 —0.03 0.36* —0.49* 0.24 0.25
Fepcp 0.18 —-0.03 -0.17 0.22 —0.07 0.11 0.01 0.06 0.16
Feox 031* —0.18 0.09 0.28 0.09 —0.14 -0.28 0.00 —-0.16
Mngox —0.38%* 0.26 -0.28 0.37* —0.06 0.76* 023 0.34%* 0.40%*
Ki 0.01 -0.13 0.29* -0.17 -0.25 0.29* -0.19 0.18 0.16
Mehlich 11T
pH -0.15 0.30* —0.58* 0.34* 0.11 0.51%* 0.30* 0.49* -0.13
oC -0.14 —-0.08 0.30%* —0.12 —-0.17 0.29% —-0.19 0.16 —0.00
P 0.53* —-0.13 0.16 —0.10 —0.18 -0.21 0.09 -0.12 —-0.05
CECe 0.05 0.01 0.36* —-0.08 -0.26 0.60* -0.15 0.52* 0.33*
Clay -0.12 0.13 0.06 0.07 0.03 0.35% -0.29 0.28 0.06
FeDCB 0.11 —-0.08 —0.35% 0.02 —0.04 0.09 —-0.10 0.11 -0.12
Feox 0.05 -0.19 —-0.11 -0.03 0.04 —0.13 0.019 -0.12 -0.12
Mnox -0.27 0.84%* —-0.09 0.59* 0.01 0.76* 0.09 0.67* 0.05
Ki 0.05 —-0.19 0.29 -0.22 -0.07 0.29 -0.24 0.27 0.26

OC organic carbon, CECe effective cation exchange capacity, Fepcp iron content extracted by Na citrate-dithionite-bicarbonate solution,
Fepyiron content extracted by acid ammonium oxalate solution, Mn,y manganese content extracted by acid ammonium oxalate solution, Ki

weathering index
*p<0.05

the contents of PTEs and clay concentration in the 0.0—
0.2-m-depth layer.

Oxide contents were the variables that correlated with
fewer concentrations of PTEs in all extraction solutions
(Table 4). Cd contents extracted by DTPA-TEA and
Mehlich I correlated with amorphous Fe, Mn, and “free”
Fe oxides and Ti extracted by sulfuric acid digestion. Zn-
DTPA-TEA and Zn-Mehlich I contents correlated nega-
tively with the content of amorphous Al. Co contents

@ Springer

extracted by Mehlich I and Mehlich III were negatively
correlated with the content of Al extracted by sulfuric
acid digestion. Among oxides, the amorphous form was
the one that best correlated with the contents of PTEs,
probably due to smaller dimensions and high specific
surface area, which greatly influence the physicochemi-
cal properties of the soil (He et al. 2010).

There was no difference (p>0.05) between the three
extraction solutions in extraction capacity of Cd, Cu, Zn
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Table 5 Eigenvalues of principal

components analysis for DTPA- Number

Eigenvalues

Total variance %

Cumulative eigenvalues

Cumulative %

TEA, Mehlich I, and Mehlich III
DTPA-TEA

1 2.80
2.01
1.03
0.88
0.67
0.56
0.50
0.39

9 0.15
Mehlich 1

1 2.81
1.80
1.04
0.89
0.82
0.62
041
0.39

9 0.22
Mehlich IIT

1 2.67
1.55
1.24
1.14
1.00
0.76
0.36
0.21
0.07

[c <IN e Y N S L) [ <IN e LY, I N VVEE N1

N=lcC RN Bie Y R YL Y]

Italicized values indicate quantity

31.14 2.80 31.14
22.35 4.81 53.49
11.41 5.84 64.90
9.81 6.72 74.72
7.46 7.39 82.18
6.22 7.96 88.40
5.57 8.46 93.97
431 8.85 98.29
1.71 9.00 100.00
31.21 2.81 31.21
19.98 4.61 51.19
11.58 5.65 62.76
9.87 6.54 72.64
9.12 7.36 81.76
6.86 7.98 88.62
4.60 8.39 93.22
434 8.78 97.57
243 9.00 100.00
29.64 2.67 29.64
17.18 4.22 46.82
13.74 546 60.56
12.69 6.60 73.25
11.15 7.60 84.41
8.48 8.36 92.88
4.02 8.72 96.91
2.30 8.93 99.21
0.79 9.00 100.00

of PCs with eigenvalues >1

and Mn (Fig. 2), whose contents were very low. This
result may reflect the geochemical behavior of these
elements, which present similar atomic mass, ionic ra-
dius, and oxidation state (Paye et al. 2012; Burak et al.
2010). During the pedogenetic processes, these ele-
ments are not incorporated to the structures of minerals
due to imbalance of charges, being easily leached
(Marques et al. 2004), presenting very low levels in
most soils.

The DTPA-TEA and Mehlich III solutions extracted
Ba contents similar or greater than those extracted by
Mehlich I (Fig. 2). These higher contents occur due to
the presence of the EDTA and DTPA complexing
agents, which are efficient in extracting heavy metals

associated with exchangeable fraction, organic carbon,
and carbonate, although with lower efficiency in
extracting metals bound to oxides (Elliott and Shastri
1999; Abreu et al. 2002, 2004). Ba contents extracted by
DTPA-TEA in the soils of Para State correlated posi-
tively with OC contents. In addition, the correlation
between Ba contents extracted by Mehlich I and OC
contents was negative, suggesting that much of the Ba
may be linked to OC.

Differences (p<0.05) were found between solutions
for extraction from Fe, Pb, and Al, whose contents were
higher in Mehlich I and Mehlich III followed by DTPA-
TEA. The highest levels extracted by the Mehlich III
solution may be associated with the combination of

@ Springer
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Fig. 3 Principal component analysis of variables regarding soil attributes and PTEs by DTPA-TEA

chelating agents and acids, favoring the extraction of
metals bound to different soil fractions. Complexing
solutions extract more from the labile fractions while
acidic solutions extract more elements in the solid phase
of the soil (Andrade et al. 2009).

The higher capacity of the Mehlich III solution in
extracting Fe was proven by Rodrigues et al. (2001)
comparing the DTPA-TEA, Mehlich I, and Mehlich III
solutions in soils of the Amazon region, by Sarto et al.
(2011) in the soils of the state of Parand, and by Abreu
et al. (2004) in the soils of the state of Sao Paulo.
Assessing the availability of Cd, Pb, Cu, and Zn in the
soils of southwestern China with the accumulation of
these elements in rice plants, Zhang et al. (2010)

@ Springer

reported greater extraction of Pb by Mehlich III com-
pared to Mehlich I and DTPA-TEA.

The acidic extractants Mehlich I and Mehlich III
extracted similar concentrations of Co, greater than with
DTPA-TEA (Fig. 2). However, both extracted low con-
tents of the element, 2 and 7 mg kg ', respectively. The
low Co extraction may be related to the high concentra-
tion of Fe and Al oxide contents in the soils studied
(Table 1). During weathering, in acidic and oxidized
environments, Co is relatively mobile, but it exhibits
low mobility if adsorbed at the surface of Fe, Mn, and Al
oxides and silicate minerals (Kabata-Pendias and
Pendias 2010). On the other hand, low Co contents
extracted by DTPA-TEA may be connected to poor
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Fig. 4 Principal component analysis of variables regarding soil attributes and PTEs by Mehlich I

extractant efficiency at the extraction of oxidic forms
(Andrade et al. 2009).

The levels of PTEs extracted by DTPA-TEA,
Mehlich I, and Mehlich III and soil attributes were used
for PCA. From the eigenvalues, three principal compo-
nents explained 65, 63, and 61 % of the total variance
for DTPA-TEA, Mehlich I, and Mehlich III, respective-
ly (Table 5 and Figs. 3a and 4a). But for Mehlich 111, five
principal components were used that explained 84 % of
the total variance (eigenvalues >1) (Fig. 5a). The dis-
criminatory attributes were those with the largest eigen-
vectors (in magnitude) (Table 6). The grid of sample
distribution between the first two factors for PTEs ex-
tracted by DTPA-TEA, Mehlich I, and Mehlich III is
shown in Figs. 3b, 4b, and 5b.

The arrangement of data points along the horizontal
axis (factor 1), from the origin (0.0) to 1.0, shows the
direct correlation of Mn, Co, Ba, and Zn for DTPA-TEA
with pH and Mn oxide contents (Table 6 and Fig. 3c).
The correlation between Al, Cd, and Cu with OC,
effective cation exchange capacity (CECe), and clay
can be seen on the vertical axis (factor 2), from the
origin (0.0) to 1.0 (Fig. 3c). The correlation between
Zn and Pb with CECe can be seen on the vertical axis
(factor 3), from the origin (0.0) to 1.0 (Fig. 3d).

Mn oxides are present in the soils and sediments and
play a role in several chemical reactions that affect the
composition of groundwater and soils (Rout et al. 2009).
Considered as “electron pumps” due to the high reac-
tivity of their internal region (interlayers), Mn oxides

@ Springer
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represent the primary sinks for heavy metals and metal-
loids (Violante et al. 2010). Cerqueira et al. (2011a), b)
observed that Cu and Pb were more adsorbed than Cd in
from moderately acidic to lightly alkaline Aridisols,
Alfisols, and Inceptisols and were linearly correlated
with Mn oxide content. Anderson and Christensen
(1988) and Fageria et al. (2002) reported that Co ad-
sorption is directly related to Mn oxide contents and its
availability varies with pH.

The levels of Mn, Co, Ba, and Zn, extracted by
Mehlich I, along the horizontal axis (factor 1), from
the origin (0.0) to —1.0, show the direct correlation with
pH and Mn oxide (Fig. 4c). The correlation between Pb
and Cu with OC, CECe, and clay can be seen on the
vertical axis (factor 2), from the origin (0.0) to —1.0
(Fig. 4c). However, factor 3 is influenced only by the
correlation of Cd with the Fe oxide (Fig. 4d). The
correlation between PTEs can be related to the lithology
of the study area, the origin of these metals, and the
similar geochemical behavior (Gupta and Sinha 2007;
Burak et al. 2010; Krishna, et al. 2011; Yu et al. 2012).

pH and Mn oxide also strongly influence the PCA for
PTEs extracted by Mehlich III. The arrangement of data
points along the horizontal axis (factor 1), from the
origin (0.0) to 1.0, shows the direct correlation of Mn,
Co, Cu, and Zn (Fig. 5¢). Factor 2 is influenced only by
the correlation of Al with the CECe (Fig. 5c¢ and
Table 6). The levels of Zn and Cu extracted by Mehlich
IIT with Ki, CECe, and OC can be seen on the vertical
axis (factor 3), from the origin (0.0) to 1.0 (Fig. 5d). In
summary by PCA, pH and Mn oxide are the most
important soil attributes for levels of PTEs extracted
by DTPA-TEA, Mehlich I, and Mehlich III.

Conclusions

The evaluation of methods for extracting available con-
tents of potentially toxic elements available in the soil
from the humid tropics contributes to proper manage-
ment, reducing production risks by limitations of the
essential elements or excessive soil contamination. The
extraction solutions showed different recoveries to the
elements, and Mehlich III extracted the highest contents
of Fe, Al, and Pb as compared to Mehlich I and DTPA-
TEA and similar contents for Cd, Mn, Zn, and Cu. The
TEA-DTPA, Mehlich I, and Mehlich III extraction so-
lutions presented a positive correlation with Cu, Mn, Fe,
and Zn contents. It is important to note that the

@ Springer

extractors did not show the same behavior for all of
the soil classes. Principal component analysis showed
that available contents of metals were related to pH and
Mn oxide contents, which in combination was robust to
explain the variation of data. Significant correlations
were found between the contents of potentially toxic
elements and organic carbon, pH, cation exchange ca-
pacity, and Fe and Mn oxide contents. Cu and Zn
correlated with most of the attributes analyzed.
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