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chemical analyses were used to examine PTE and REE 
geochemistry in six sand soil profiles from the Brazil-
ian Cerrado. The background concentrations of these 
elements are low, but soils from the Parnaíba Basin 
have higher concentrations of PTEs than soils from the 
São Francisco Basin. In soils from the Parnaíba Basin, 
mainly  Al2O3 has relevance in the V and Cr geochem-
istry, as these elements increase with increasing  Al2O3 
content. On the other hand, the REEs have CEC as a 
soil attribute of higher relevance in the geochemistry 
of those elements is soils from the Parnaíba Basin, 
and this relevance divides the TOC,  Fe2O3, and  TiO2 
minerals from the clay fraction. In soils from the São 
Francisco Basin, the geochemistry of PTEs is possibly 
associated with kaolinite, especially Cu, V, and Zn. In 
contrast, the Ba concentration was associated with the 
presence of feldspar. Unlike soils from the Parnaíba 
Basin, the REEs do not correlate with the studied 
soil attributes, except for Ho and Lu. Ho had a posi-
tive association with  Al2O3. Ho and Lu are negatively 
related to the presence of iron oxides.

Keywords Trace elements · Lanthanides · 
Background concentration · Geochemistry · Tropical 
soils · State of Piauí

Introduction

The Cerrado, one of the world’s biodiversity hot-
spots (Mittermeier et  al., 2005), is the second 

Abstract This study aims to determine the concen-
tration of potentially toxic elements (PTEs) and rare 
earth elements (REEs) in Brazilian sandy soils under 
the Cerrado at the Parnaíba–São Francisco Basin 
transition. We also explored the geochemical correla-
tion between these elements and pH, cation exchange 
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largest biome in Brazil, encompassing approxi-
mately 2,036,448  km2, covering more than 20% of 
the national territory. According to the Food and 
Agriculture Organization of the United Nations 
(FAO), it has been extensively used for differ-
ent purposes, including agriculture (Rótolo et  al., 
2015). Authors have been reported that at least 
80% of the Cerrado face some kind of anthropo-
genic pressure (Beuchle et al., 2015; Marafon et al., 
2020). The climate regime, typical flat topography, 
and mostly clayey soils have provided prime condi-
tions for intensive agricultural and livestock expan-
sion since 1970 (Silva et al., 2006).

Regardless of the clayey soil’s representativity 
in the Cerrado territory, sandy soils (i.e., sand con-
tent higher than 700 g   kg–1) are also relevant. This 
is mainly because agricultural use has been increas-
ing over the years (Rodrigues & Silva, 2020). 
Sandy soils cover approximately 900 million ha 
worldwide, with 126 million distributed in South 
and Central America (Yost & Hartemink, 2019). 
A representative part of the Brazilian Northeastern 
Cerrado is embraced by the State of Piauí (approxi-
mately 120,000  km2), distributed between the Par-
naíba Basin and the São Francisco Basin (Matos & 
Felfili, 2010), which is mostly represented by sandy 
soils (Pfaltzgraff et al., 2010). Given that they have 
not been frequently used for agriculture worldwide 
(Yost & Hartemink, 2019), research on such soil 
types is limited, and their understanding is a global 
priority for their sustainability.

Several soil attributes have been assessed to 
achieve this understanding. To highlight the rel-
evance of soil conservation when used in chemical 
management activities, both potentially toxic ele-
ments (PTEs) and rare earth elements (REEs) are 
emphasized. This emphasis occurs because their 
occurrence in soils is associated with either pedo-
logical or anthropic processes (Bolarinwa & Bute, 
2016; Kabata-Pendias, 2011). Efforts to establish 
scientific advantages in understanding the back-
ground of these elements and their geochemistry in 
Cerrado sandy soils have not been frequent, espe-
cially for PTEs. On the other hand, Oliveira et  al. 
(2013) and Pereira et  al. (2019) investigated the 
geochemistry of REEs in Cerrado soils; however, 
they only covered the topsoil layers. Nevertheless, 
only the investigations carried out by Oliveira et al. 

(2013) and Pereira et al. (2019) considered the rel-
evance of sandy soils. Therefore, the amount of 
information about PTEs and REEs in sandy soil 
profiles is insufficient and needs improvement.

Some authors have reported that concentrations of 
both PTEs and REEs are related to soil parent materi-
als (Kabata-Pendias, 2011; Silva et al., 2018; Silva et al., 
2020). Mafic and ultramafic rocks are known as providers 
of soils with high concentrations of PTEs (Alfaro et al., 
2015; Chrysochoou et al., 2016; Gonzalez-Rodriguez & 
Fernandez-Marcos, 2021) and REEs (Alfaro et al., 2018), 
whereas sedimentary rocks, except calcareous, generally 
provide relatively small concentrations of these elements 
in soils (Nascimento et al., 2018; Silva et al., 2018).

Nevertheless, the PTEs and REEs concentrations 
may also be associated with weathering due to their 
interface with soil chemical reactions. For instance, 
according to Chrysochoou et al. (2016), forms of Cr are 
controlled by chemical weathering reactions such as oxi-
dation that convert  Cr3+ to  Cr6+ after releasing  Cr3+ into 
the soil solution due to mineral weathering. The mineral 
weathering also may be cited as the main responsible for 
the representative losses of REEs during the soil forma-
tion as reported by Laveuf and Cornu (2009).

The geochemistry of PTEs and REEs may be 
assessed by observing different soil attributes. 
Hamidpour et  al. (2019) report that the dynamic of 
Zn and Cd may be affected by soil pH, whereas Zhu 
et  al. (2018) and Savignan et  al. (2021) highlighted 
the relevance of pH,  CaCO3, and cation exchange 
capacity (CEC) in the dynamic of PTEs. Mihajlovic 
and Rinklebe (2018) reveal that soil attributes as 
clay content and total organic carbon (TOC) may 
have significant relations with REEs geochemistry, 
whereas Davranche et al. (2015) report that the CEC 
is related to REEs due to chelation, which is also 
associated with the TOC.

Our results are essential to establish both back-
ground concentration and the relationship between 
PTEs and REEs in representative sandy soils from 
the Brazilian Cerrado of Piauí State. Thus, this study 
aimed to determine the PTE and REE concentra-
tions in Brazilian sandy soils under the Cerrado at 
the Parnaíba–São Francisco Basin transition. We also 
explored the geochemical correlation between these 
elements and pH, CEC, TOC, sand, clay, oxides from 
secondary minerals, and the chemical index of altera-
tion (CIA) for each basin.
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Material and methods

Study area and sampling

The study sampling was performed in six profiles  in 
the Cerrado sandy soils at the Parnaíba–São Fran-
cisco Basin transition in the northeast of Brazil 
(Fig. 1). According to the Köppen’s climate classifi-
cation map for Brazil (Alvares et  al., 2013), the cli-
mate is Aw, defined as a humid tropical climate with 
a rainy season in the summer and a dry season in the 
winter. The annual average rainfall and temperature 
ranges are 900–1200 mm and 18–36 °C, respectively.

All the studied soil profiles were dug in areas under 
minimum anthropogenic influence. The sampling sites 
were selected based on their ability to represent different 
soil classes and parent materials at the studied scale, as 
described by Pfaltzgraff (2010). Profiles 1 (P1), 2 (P2), 
and 3 (P3) represent the Parnaíba Basin soils, whereas 
Profiles 4 (P4), 5 (P5), and 6 (P6) represent the São 
Francisco Basin soils. They were derived from Paleo-
Mesozoic sedimentary materials, mainly represented by 
sandstones of different origins (Fig. 1). P1, P2, and P3 
soils were formed from Carboniferous to Permian mate-
rials, while P4, P5, and P6 soils were formed from Cre-
taceous materials (Pfaltzgraff et al., 2010).

Fig. 1  Soil profile location followed by their classification; 
aSiBCS, Brazilian Soil Classification System (Santos et  al., 
2018); bUSDA, Keys to Soil Taxonomy (Soil Survey Staff, 

2014); cStratigraphy information of the sediment for each soil 
profile ( adapted from Pfaltzgraff et al., 2010)

Environ Monit Assess (2021) 193: 780 Page 3 of 18  780



 

1 3

Vieira and Scherer (2017) report that in the region 
of the P1 location are found soils derived from sand-
stones formed by aeolian dune deposition, whereas in 
the region of the P3 location are found soils derived 
from sandstones formed by shorefaces deposited ear-
lier than the aeolian dunes that formed the P1 parent 
material. Both parent materials belong to Piauí For-
mation. Lima Filho (1991) affirms that in the region 
of the P2 location are found soils derived from the 
Pedra-de-fogo Formation composed predominantly of 
fine-to-coarse-grained sandstones. On the other hand, 
Oliveira et  al. (2014) report that soils in the P4 and 
P6 locations are found soils derived from Late Cre-
taceous materials of the Areado Group, composed 
of thick layers of fluvial and aeolian sandstones, 
with interleaving siltstones and shale of the Urucuia 
Group. Additionally, Fragoso et  al. (2011) indicate 
that in the region of the P5 location are found soils 
derived from materials of the Areado Group, com-
posed of sandstones, siltstones, shale, and conglomer-
ates of fluvial environments.

An inox knife was used to performing the soil 
sampling in all horizons. The recommendations pro-
vided by Santos et  al. (2015) were adopted for the 
morphological description performing. Chemical and 
physical analyses were performed for all samples. 
Nevertheless, mineralogical analysis was carried out 
only on samples from topsoil horizons and subsur-
face diagnostic horizons (Fig.  1). Soil classification 
was conducted according to the Brazilian Soil Clas-
sification System (Santos et  al., 2018) and Keys to 
Soil Taxonomy from the United States Department of 
Agriculture (Soil Survey Staff, 2014) (Fig. 1).

Chemical, grain size, and clay fraction oxide analysis

The soil samples were air-dried and sieved through a 
2-mm mesh nylon sieve. The chemical analyses car-
ried out were the pH in water, exchangeable  K+,  Ca2+, 
 Mg2+,  Al3+, and TOC (Teixeira et  al., 2017). The 
results obtained from the sorptive complex were used 
to calculate the CEC. The pipette method determined 
the grain size using a 1  mol  L–1 sodium hydroxide 
solution as a dispersant agent (Gee & Or, 2002). The 
concentrations of  SiO2,  Al2O3,  Fe2O3, and  TiO2 from 
soil clay fractions were determined from dried sieved 
soil samples using sulfuric acid (1:1) extraction solu-
tion, followed by determination of  Al2O3,  Fe2O3, and 

 TiO2 on the extracts by atomic absorption spectro-
photometry (Teixeira et al., 2017) and  SiO2 by color-
imetry (Kilmer, 1965).

Mineralogical analysis

X-ray diffraction (XRD) analysis was performed on 
the dried sieved soil samples and clay fractions. A 
Shimadzu 6000 diffractometer fitted with a graphite 
monochromator set to select Cu Kα radiation (oper-
ated at 40  kV and 20  mA) was used. The measure-
ment range was 5–70 (for dried sieved soil), 3–40 
(for natural clay), and 3–35 (for the others) at °2θ 
intervals, with a step size of 0.02°2θ and a count 
time of 1.0. Before the analysis, the clay was sub-
jected to the following standard treatments: organic 
matter elimination (using 30%  H2O2) and iron oxide 
elimination using the dithionite-citrate-bicarbonate 
method (Mehra & Jackson, 2013), except for natural 
clay samples, which did not have their iron oxides 
excluded.

Clays were oriented on glass slides with the follow-
ing standard treatments: Mg saturation  (MgCl2–1 mol 
 L−1), K saturation  (KCl–1 mol  L–1), and heat treatment 
of K-saturated samples for 3  h at 25  °C (K 25  °C), 
110 °C (K 110 °C), 350 °C (K 350 °C), and 550 °C 
(K 550  °C) (Whittig & Allardice, 1986). Clay min-
eral identification was based on the criteria described 
by Brindley and Brown (1980), Jackson (1975), and 
Moore and Reynolds (1997).

Major element analysis and chemical index of 
alteration calculation

The total concentrations of  SiO2,  Al2O3,  Fe2O3, 
CaO,  K2O,  Na2O,  TiO2, and  ZrO2 were deter-
mined by X-ray fluorescence (XRF) spectrometry 
with wavelength energy dispersion (Rigaku ZSX 
mini II–WDXRF-3KW). The sample was prepared 
via a hydraulic press at 25 t, and the fire loss was 
determined at 1000 °C. The total concentrations of 
 Al2O3,  Na2O, CaO, and  K2O were used to calcu-
late the chemical alteration index (CIA) (Nesbitt & 
Young, 1982) (Eq. 1).

(1)CIA =
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2
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2
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100
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Analyzing PTEs and REEs

The PTEs As, Ba, Cr, Ni, Pb, Cu, V, and Zn, as well 
as the REEs La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Yb, and Lu were extracted following the 
EPA method 3051A (United States Environmen-
tal Protection Agency–USEPA,  1998). According 
to Alloway (2013), this method extracts elements 
that are likely to become available for medium- and 
long-term use. A portion of each sample (0.25  g) 
was digested in closed Teflon vessels with 9  mL 
of  HNO3 combined with 3 mL of HCl (high purity 
acids; Merck, PA) onto an automated microwave 
digestion system and elemental content deter-
mination was carried out by inductively coupled 
plasma optical emission spectrometry (ICP-OES). 
All ICP-OES analyses were performed in tripli-
cates. For the analytical data quality assurance, 
use of calibration curves, curve recalibration, high 
purity acids, analysis of reagents blanks, and certi-
fied standard reference materials (SRM 2709, San 
Joaquin soil) of the National Institute of Standards 
and Technology (NIST, 2002) were followed. The 
detection limits for various PTEs were as follows: 
 10−4  mg   kg−1 (As), >  10−5  mg   kg−1 (Cr, Ni, Cu, 
V, and Zn), and >  10−6  mg   kg−1 (Ba and Pb). The 
detection limit for all REEs was  10−6 mg  kg−1. The 
recovery rates of both PTEs and REEs obtained 
from the SRM 2709 sample rates ranged between 
80 and 110%.

Rare earth element data were normalized as 
suggested by Henderson (1984), using upper con-
tinental crust (UCC) values as a reference (Taylor 
& McLennan, 1985). The light rare earth elements/
heavy rare earth elements (LREEs/HREEs) and 
(La/Yb)N ratios were used to quantify REE frac-
tionation. Rare earth element normalized data were 
also used to obtain Ce anomalies [(Ce/(La × Pr)0.5] 
(Ce/Ce*) calculated according to Compton et  al. 
(2003). A value below 1 indicates depletion, while 
a value above 1 indicates enrichment compared to 
the UCC.

Data analysis

Pearson’s correlation, descriptive statistics, and 
regression analyses were used in this study. Pearson’s 

correlation was used to assess the association between 
PTEs and REEs with soil attributes such as pH, CEC, 
TOC, sand, clay, clay fraction oxides, and CIA. Lin-
ear regression analyses between the (La/Yb)N ratios, 
and CIA values were performed to evaluate the 
association between fractionation and weathering 
intensity.

Results

General characterization

The soil profiles P1, P2, and P3 showed pH values 
ranging from 3.4 to 5.4, while those of P4, P5, and 
P6 varied from 4.3 to 5.6 (Table 1). Considering the 
USDA classification (Soil Quality Indicators, 2011), 
the pH indicates that Parnaíba Basin soils as well 
as the São Francisco Basin soils fluctuate between 
extremely acidic (3.5–4.4) and moderately acidic 
(5.6–6.0). Both basins showed CEC values lower 
than 12.7  cmolc  kg–1 (Table 1). The TOC content in 
soils showed low expressivity, ranging from 0.1 to 
13 g  kg–1 in the Parnaíba Basin and 0.1 to 4.9 g  kg–1 
in the São Francisco Basin (Table 1).

Considering the guidelines for soil texture 
description from the World Reference Base for Soil 
Resources (WRB) (2014), edited by a working group 
of the International Union of Soil Sciences (IUSS), 
the studied soil profiles were distinguished as arenic 
and loamic textural qualifiers, with sand content 
higher than 65% and clay content less than 30% 
(Fig.  2). In the Parnaíba and São Francisco Basins, 
the mean concentration of sand decreased in the fol-
lowing order: P1 > P2 > P3 and P5 > P6 > P4 (Fig. 2). 
Profile 3 showed a higher clay content in the Parnaíba 
Basin soils, followed by P2 and P1 (Fig.  2). In the 
São Francisco Basin, P4 showed a higher mean clay 
fraction, followed by P6 and P1 (Fig. 2).

Oxides extracted from secondary minerals by sul-
furic attack showed that in the Parnaíba Basin soils, 
 Al2O3 is the oxide that occurs in a larger part of the 
secondary mineral structure. This was followed by 
 SiO2,  Fe2O3, and  TiO2 (Table 1). In the São Francisco 
Basin soils,  Fe2O3 is the oxide that occurs in a larger 
part of the secondary mineral structure. This was fol-
lowed by  SiO2 =  Al2O3 and  TiO2 (Table 1).
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Soil mineralogy

The diffractograms obtained in non-oriented samples 
showed expressive peaks in the position of 0.33  nm 
in soil profiles P1, P2, and P3 (Fig. 3). The Parnaíba 
Basin soil profiles also presented peaks in the posi-
tions of 0.42, 0.24, 0.22, 0.21, 0.19, 0.18, and 0.16 nm 
(Fig. 3). However, the peaks in the positions of 0.71 
and 0.35 nm observed in the profiles P2 and P3 were 
absent in the horizon A of P1 (Fig. 3). On the other 
hand, the peak in position 0.25 nm was observed only 
in the horizon A of P3. The São Francisco Basin soil 
profiles also have in common the presence of peaks in 
the positions of 0.42, 0.33, 0.24, 0.22, 0.21, 0.19, 0.18, 
and 0.16 nm, with higher expressivity in the position 

of 0.33 nm (Fig. 3). In other words, it is possible to 
affirm that the diffractograms obtained in non-oriented 
samples showed the presence of quartz, feldspar, mica, 
and kaolinite in all studied soil profiles.

The diffractograms of the clay fractions are shown 
in Fig. 4. In the Parnaíba Basin soil profiles, peaks were 
presented in the positions of 0.71 and 0.33 nm after Mg- 
and K-saturation treatments followed by heat treatment 
at 25 °C, 110 °C, and 350 °C. However, the peaks dis-
appeared after heat treatment at 550 °C. The P2 profile 
showed only two peaks of 0.71 and 0.33 nm. However, 
the horizon A of P1 presented peaks in the positions 
of 0.99, 0.42, and 0.33 nm even after heat treatment at 
550  °C. The horizons A and Bi of P3 showed a peak 
in the position of 0.33  nm, easily observed even after 

Table 1  Characterization 
of general soil attributes 
and clay fraction oxides 
in samples from Brazilian 
sandy soils under Cerrado 
from Parnaíba–São 
Francisco Basin transition

CEC cation exchange 
capacity, TOC total organic 
carbon
a pH, hydrogen ion 
concentration
b SiO2,  Al2O3,  Fe2O3, and 
 TiO2, and concentration of 
clay fraction oxides by the 
sulfuric attack

Soil Horizon Depth General soil  attributesa Oxidesb

m pH CEC TOC SiO2 Al2O3 Fe2O3 TiO2

H2O cmolc  kg−1 g  kg−1

Parnaíba Basin
P1 A 0–0.1 5.2 3.1 2.0 12.8 13.7 6.0 1.5

Cr 0.1–0.4 4.9 1.6 4.3 14.0 14.6 6.0 1.9
P2 A 0–0.1 4.7 1.2 0.1 16.0 51.1 8.0 1.7

AB 0.1–0.25 5.1 1.0 0.1 23.0 46.5 6.0 2.0
BA 0.25–0.45 3.4 1.8 0.1 37.4 56.3 26.0 4.5
Bw1 0.45–1.2 3.9 5.9 5.5 28.8 67.2 18.0 3.6
Bw2 1.2–1.8+ 3.6 2.6 0.4 42.2 71.8 28.0 5.2

P3 A 0–0.1 3.4 1.8 0.1 38.0 39.8 24.0 4.4
AB 0.1–0.2 3.6 1.6 0.1 32.0 45.9 22.0 4.5
Bi 0.2–0.85 5.4 12.7 13.0 8.9 61.1 16.0 3.3
BC 0.85–1.1 5.0 6.5 1.7 11.2 57.1 22.0 3.3
Cr 1.1–1.3 4.6 10.5 11.0 25.6 53.0 34.0 8.3

São Francisco Basin
P4 A1 0–0.2 4.3 6.3 4.9 29.6 11.8 22.0 7.3

A2 0.2–0.55 4.6 4.3 3.1 34.0 20.4 42.0 9.4
C1 0.55–1.13 4.7 3.6 1.3 16.1 24.4 56.0 11.8
C2 1.13–2.0+ 4.8 2.5 0.1 34.2 27.3 56.0 11.5

P5 A 0–0.17 5.6 4.8 4.7 15.1 13.0 10.0 3.4
AE 0.17–0.36 5.4 2.7 0.7 11.8 11.4 8.0 3.4
E 0.36–0.84 5.3 1.8 1.2 9.3 9.4 12.0 3.8
EB 0.84–1.28 5.5 1.8 0.1 9.9 9.8 12.0 2.9
Bg 1.28–1.68 5.4 2.9 0.1 15.0 22.4 14.0 3.7

P6 A1 0–0.3 5.6 3.6 2.7 14.0 16.8 8.0 2.4
C1 0.3–0.6 5.4 2.3 0.7 14.3 21.0 8.0 2.4
C2 0.6–1.1 5.3 2.0 0.7 15.1 23.9 8.0 2.9
C3 1.1–2.0+ 5.1 1.6 0.1 18.7 30.6 8.0 3.3
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heat treatment at 550 °C. The São Francisco Basin soil 
profiles also showed peaks in the positions of 0.71 and 
0.33  nm after Mg- and K-saturation treatments fol-
lowed by heat treatment at 25 °C, 110 °C, and 350 °C. 
These peaks were, however, destroyed after treatment at 

550 °C. The horizons A of P4, Bg of P5, and A1 of P6 
presented peaks in the positions of 0.99 nm and 0.33 nm, 
observed even after heat treatment at 550 °C, whereas 
the peak of 0.99 nm is absent and that of 0.33 nm is pre-
sent in the horizon A of P5. Thus, the diffractograms of 
the clay fractions suggested that P1 and P3 have kaolin-
ite and illite, whereas P2 only has kaolinite. On the other 
hand, P4, P5, and P6 have kaolinite and illite.

Major elements and chemical index of alteration

As expected,  SiO2 was the predominant oxide in the 
soil samples. In the Parnaíba Basin, the  SiO2 values 
ranged from 52.5 to 80.7%, whereas in the São Fran-
cisco Basin, it ranged from 80.5 to 90.6%. In gen-
eral, the second most abundant oxide in the Parnaíba 
Basin is  Fe2O3 (6.6 to 26.1%), followed by  Al2O3 
(5.1 to 15.4%), whereas in the São Francisco Basin, 
the amount of  Al2O3 (3.6 to 12.2%) was higher 
than that of  Fe2O3 (1.7 to 4.2%). Less than 1% CaO 
was found, except in the P1 topsoil. Profiles 2 and 
3 showed  K2O values smaller than 1% and that of 
P4 (São Francisco Basin). All soil samples showed 
 ZrO2 values < 1%. In the Parnaíba Basin, the CIA 
values of P2 and P3 (Table 2) were between 93 and 
99%, whereas those for P1 ranged from 47 to 52%. 
On the other hand, in the São Francisco Basin, P4 

Fig. 2  Triangular diagram showing the texture distribution 
of the studied soils, according to IUSS Working Group WRB, 
World Reference Base for Soil Resources (2014)

Fig. 3  X-ray diffracto-
grams of soil samples from 
Brazilian sandy soils under 
Cerrado from Parnaíba–São 
Francisco Basin transition. 
Hz, horizon; P, profile; Fd, 
feldspar; Qz, quartz; Mc, 
mica; Kt, kaolinite
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showed the highest CIA values (94–98%), followed 
by P6 (76–88%) and P5 (64–74%).

Background concentrations of PTEs and REEs in 
Parnaíba Basin soils

The concentrations of PTEs and REEs found in soils 
from the Parnaíba–São Francisco Basin transition are 
generally smaller than those observed in the Brazilian 

state of Rio Grande do Norte and Sweden, as well 
as also in the upper continental crust (Table 3). The 
sum of the averages of REEs (ƩREEs) was equal to 
40.5 mg   kg–1 (Table 3). The mean background con-
centrations of PTEs were found to be in the following 
order: V > Ba > Cr > Pb > Zn > Cu > As > Ni. Profile 
1 showed the highest background concentrations of 
As, Ba, Cu, Ni, and Zn. The elements Cr and V were 
found at higher concentrations in P2, whereas Pb was 

Fig. 4  X-ray diffractograms 
of clay fraction samples from 
Brazilian sandy soils under 
Cerrado from Parnaíba–São 
Francisco Basin transition. 
Hz, horizon; P, profile; Il, 
illite; Kt, kaolinite
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more abundant in P3 (Fig. 5). The mean background 
concentrations of REEs decreased in the following 
order: Ce > Nd > La > Pr > Gd > Sm > Dy > Tb = Yb 
> Eu = Er > Ho = Lu, which means that LREEs com-
prise 90% of the REEs, whereas HREEs comprise 
10% (Table  3). Among the three studied Parnaíba 
Basin soils, only P3 had a (La/Yb)N ratio > 1 (Fig. 5). 
However, no correlation was observed between the 
(La/Yb)N ratio and CIA values (R2 = 0.47, P = 0.83). 
The Ce/Ce* ratio ranged from 0.2 to 0.4, indicating a 
negative Ce anomaly in soils from the Parnaíba Basin 
(Fig. 5).

Background concentrations of PTEs and REEs in São 
Francisco Basin soils

The ƩREEs was equal to 35.3  mg   kg–1 (Table  3), 
in other words, both smaller than found in soils 
from Parnaíba Basin. The mean background con-
centrations of PTEs in soils from the São Fran-
cisco Basin decreased in the following order: 
Ba > V > Cr > Pb > Zn > Cu > Ni (Fig.  5). All sam-
ples from that basin showed values of As below the 
detection limit (Table  3). Profile 6 had the high-
est concentration of all PTEs studied, followed 

Table 2  Major elements 
and chemical alteration 
index (CIA) from Brazilian 
sandy soils under Cerrado 
from Parnaíba and São 
Francisco Basins

Soil Horizon Depth Major elements CIA

SiO2 Al2O3 Fe2O3 CaO K2O TiO2 ZrO2m
g  kg−1 %

Parnaíba Basin
P1 A 0 − 0.1 789 54 66 13 47 18 3 47

CR 0.1 − 0.4 807 51 74 6 39 19 1 52
P2 A 0 − 0.1 717 98 145 3 0 34 3 97

AB 0.1 − 0.25 664 127 167 0 1 38 3 99
BA 0.25 − 0.45 631 128 196 3 0 37 5 97
Bw1 0.45 − 1.2 564 154 220 3 0 43 5 98
Bw2 1.2 − 1.8+ 525 149 261 2 1 51 6 99

P3 A 0 − 0.1 733 131 102 3 6 19 1 93
AB 0.1 − 0.2 686 123 150 4 6 25 2 93
Bi 0.2 − 0.85 672 135 150 3 4 30 3 95
BC 0.85 − 1.1 676 145 146 3 6 22 2 94
CR 1.1 − 1.3 663 141 160 2 8 23 3 93

São Francisco Basin
P4 A1 0 − 0.2 881 65 21 4 0 21 1 94

A2 0.2 − 0.55 852 82 37 0 1 21 2 98
C1 0.55 − 1.13 854 90 36 4 0 15 1 96
C2 1.13 − 2.0+ 805 122 42 4 2 16 2 96

P5 A 0 − 0.17 883 57 21 9 17 12 1 69
AE 0.17 − 0.36 874 55 20 6 16 20 2 72
E 0.36 − 0.84 891 52 17 5 15 19 1 72
EB 0.84 − 1.28 906 36 19 5 15 16 2 64
Bg 1.28 − 1.68 850 66 28 3 19 23 2 74

P6 A1 0 − 0.3 856 68 20 8 14 19 2 76
C1 0.3 − 0.6 861 83 22 0 12 20 2 88
C2 0.6 − 1.1 814 105 17 6 11 17 2 86
C3 1.1 − 2.0+ 817 111 29 4 12 24 2 87

Environ Monit Assess (2021) 193: 780 Page 9 of 18  780



 

1 3

by P5 and P4 (Fig.  5). The mean background 
concentrations of REEs decreased in the follow-
ing order: Ce > Nd > La > Gd > Sm > Pr > Er < 
Dy < Tb = Ho < Eu = Yb > Lu, which means that 
LREEs embrace 82% of the REEs, whereas HREE 
embraces 18% (Table  3). Profiles 4 and 5 showed 
(La/Yb)N ratios > 1 (Fig. 5), but no correlation was 
observed between the (La/Yb)N ratio and CIA val-
ues (R2 = 0.02, P = 0.64). The Ce/Ce* ratio ranged 
from 0.4 to 0.5, indicating a negative Ce anomaly in 
soils from the São Francisco basin (Fig. 5).

Correlation of PTEs and REEs with soil attributes at 
the Parnaíba Basin

Considering all the studied PTEs, only As, Ba, and 
Cu did not show any statistically significant correla-
tion with the studied soil attributes in the Parnaíba 
Basin soils. A correlation was observed between 
clay and Cu (− 0.97, P < 0.05). The CEC and Pb 
also showed a correlation (0.69, P < 0.05), as well as 
 Al2O3 and Cr (0.66, P < 0.05) and V (0.71, P < 0.05), 
and CIA with Cr (0.59, P < 0.05). On the other hand, 

Table 3  Means of potentially toxic elements (PTEs) and rare earth elements (REEs) in Brazilian sandy soils under Cerrado from 
Parnaíba Basin, São Francisco Basin, Brazil, Sweden, and upper continental crust (UCC)

BDL number of samples below the detection limit, StDev standard deviation, Min minimum, Max maximum
a Preston et al. (2014)
b Silva et al. (2018)
c Tyler and Olsson (2002)
d Average upper continental crust fromTaylor and McLennan (1985)

mg  kg−1 Parnaíba Basin São Francisco Basin RN-Brazila,b Swedenc UCC d

BDL Mean StDev Min Max BDL Mean StDev Min Max Mean Mean Mean

PTEs As 3 2.5 1.2 1.5 5.4 13 - - - - 0.9 2.5 1.50
Ba 1 27.6 30.1 1.0 94.64 0 17.4 12.2 1.8 33.7 58.9 32.0 630.0
Cr 0 20.2 11.6 6.4 38.15 0 3.9 1.8 1.8 7.2 30.9 8.1 35.0
Ni 0 2.2 1.0 1.3 4.703 0 0.9 0.6 0.3 1.8 19.8 6.7 20.0
Pb 0 5.7 5.0 0.7 14.28 0 2.8 1.5 1.0 5.9 16.2 24.1 20.0
Cu 8 3.0 3.3 0.1 6.85 4 1.6 1.5 0.1 4.2 13.7 5.0 25.0
V 0 35.8 13.7 20.9 61.37 0 4.2 1.0 3.0 5.8 - 32.1 60.0
Zn 1 3.0 3.5 1.2 12.9 4 2.5 1.1 0.8 4.3 23.8 7.0 71.0

REEs La 0 7.1 6.0 1.0 15.6 0 5.4 4.4 1.9 13.8 18.9 13.9 30.0
Ce 0 17.9 10.1 6.7 34.1 0 14.0 13.2 3.5 37.3 40.4 28.0 64.0
Pr 0 1.8 1.4 0.4 4.3 9 1.5 0.7 0.4 2.3 7.3 3.3 7.1
Nd 0 8.2 6.5 2.0 19.9 0 5.5 5.3 1.4 15.7 15.8 24.0 26.0
Sm 1 1.0 0.5 0.2 2.0 9 1.9 0.5 1.1 2.3 3.0 2.3 4.5
Eu 5 0.5 0.3 0.1 0.8 3 0.4 0.4 0.0 1.1 0.5 0.5 0.9
Gd 1 1.4 0.9 0.5 3.1 9 2.8 0.6 2.0 3.4 2.6 2.4 3.8
Tb 2 0.5 0.1 0.3 0.6 10 0.5 0.0 0.4 0.5 0.5 0.3 0.6
Dy 3 0.8 0.5 0.1 1.4 1 1.0 1.2 0.2 3.1 1.0 1.9 3.5
Ho 10 0.3 0.1 0.3 0.3 7 0.5 0.2 0.2 0.8 0.3 0.4 0.8
Er 9 0.4 0.0 0.4 0.4 9 1.2 0.3 0.9 1.4 0.7 1.2 2.3
Yb 0 0.5 0.1 0.4 0.7 0 0.4 0.4 0.1 1.2 0.6 1.2 2.2
Lu 0 0.3 0.1 0.2 0.5 7 0.1 0.1 0.1 0.2 0.2 0.2 0.3
ƩREEs 40.5 5.4 4.4 1.9 13.8 91.8 79.6 146.0

Environ Monit Assess (2021) 193: 780Page 10 of 18  780



1 3

a negative correlation was observed between  Al2O3 
and Ni (− 0.71, P < 0.05) and Zn (− 0.79, P < 0.01), 
whereas CIA was the same as Ni (− 0.85, P < 0.01), 
Cu (− 0.98, P < 0.05), and Zn (− 0.90, P < 0.01).

Significant correlations were observed between 
La, Ce, Pr, Nd, Sm, Gd, Eu, and Tb with the stud-
ied soil attributes in the Parnaíba Basin soils. Clay 
showed a correlation with Sm (0.63, P < 0.05). A 
correlation was also observed between TOC and Pr 
(0.63, P < 0.05), Nd (0.61, P < 0.05), and Gd (0.70, 
P < 0.05). A correlation was observed between CEC 

and La (0.65, P < 0.05), Ce (0.66, P < 0.05), Pr (0.77, 
P < 0.01), Nd (0.72, P < 0.05), Sm (0.70, P < 0.05), 
and Gd (0.82, P < 0.01). Similarly,  Al2O3 showed 
a positive correlation with Eu (0.80, P < 0.05) and 
Lu (0.78, P < 0.01), whereas  Fe2O3 showed a posi-
tive correlation with Sm (0.84, P < 0.01) and Eu 
(0.83, P < 0.05). The  TiO2 showed a correlation with 
Pr (0.60, P < 0.05), Sm (0.87, P = 0.00), Eu (0.76, 
P < 0.05), and Tb (0.68, P < 0.05), whereas CIA 
showed a correlation with Eu (0.77, P < 0.05) and Lu 
(0.62, P < 0.05).

Fig. 5  a. Potentially toxic element concentrations and rare earth element concentrations (b., non-normalized data and c., normalized 
data)
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Correlation of PTEs and REEs with soil attributes at 
the São Francisco Basin

In São Francisco Basin soils, pH, clay,  SiO2,  Al2O3, 
 Fe2O3,  TiO2, and CIA showed statistically significant 
correlations with PTEs. The pH showed a correla-
tion with Ba (0.71, P < 0.05) and Ni (0.59, P < 0.05), 
whereas clay was correlated with Ba (–0.61, P < 0.05) 
and Cu (0.67, P < 0.05). A correlation was also 
observed between  SiO2 and Cu (0.78, P < 0.05) and 
Zn (0.69, P < 0.05). On the other hand,  Al2O3 was 
correlated with Cu (0.87, P < 0.01) and V (0.88, 
P < 0.01). The  Fe2O3 showed a correlation with Ba 
(− 0.78, P < 0.01), Cr (− 0.58, P < 0.05), Ni (− 0.71, 
P < 0.05), Cu (− 0.68, P < 0.05), and Zn (− 0.67, 
P < 0.05), whereas  TiO2 was correlated with Ba 
(− 0.82, P < 0.01), Cr (− 0.61, P < 0.05), Ni (− 0.72, 
P < 0.05), and Pb (− 0.58, P < 0.05). Chemical index 
of alteration was correlated with Cu (0.91, P < 0.01).

Among all the studied REEs, Ho and Lu proposed 
a statistically significant correlation with soil attrib-
utes. Sand was correlated with Lu (0.82, P < 0.05). 
The  Al2O3 content was positively correlated with Ho 
(0.82, P < 0.05), and  Fe2O3 showed a correlation with 
Ho (− 0.82, P < 0.05) and Lu (− 0.86, P < 0.05). In 
contrast,  TiO2 showed a correlation with Lu (− 0.83, 
P < 0.05).

Discussions

As expected, the sedimentary nature of the soils 
formed in the Parnaíba and São Francisco Basins 
provided low concentrations of both PTEs and REEs. 
The low values of these metals recovered in soils 
derived from sedimentary rocks are associated with 
poor parent materials (mainly sandstones) and sig-
nificant weathering because of the predominance of 
quartz in the sand fraction, as well as the reduced 
amount of clay. Moreover, kaolinite is the main phyl-
losilicate present in these soils, which does not offer 
an appreciable amount of negative charges at the low 
pH conditions prevailing in the Parnaíba and São 
Francisco Basin soils. This region is widely cultivated 
with soybean and other grains. Therefore, monitoring 
REEs and PTEs in these low buffer capacity agricul-
tural soils is crucial to maintain food security and to 
avoid contamination of water resources due to metal 
leaching.

Despite the predominance of quartz, the presence 
of V in the Parnaíba Basin soils indicates that mafic 
rocks have influenced the parent materials of the 
soils. However, the concentration of V in soils from 
the Parnaíba Basin is smaller than that found in soils 
derived from mafic rocks, which may be seen as a 
typical characteristic of sandy soils of the Parnaíba 
Basin. According to Kabata-Pendias (2011), these 
values have a typical range of 100–250 mg  kg–1. The 
understanding that parent material that formed soils 
of the Parnaíba Basin influenced mafic rocks may also 
be used to justify why soils from the São Francisco 
Basin have approximately 66 mg  kg–1 less PTEs than 
Parnaíba Basin soils. Considering that V displays 
various behaviors in response to its geochemical char-
acteristics, the positive relation between V and  Al2O3 
may indicate isomorphic substitution of Al for V in 
clay structures or the adsorption of V by these miner-
als. According to Kabata-Pendias (2011), it is typical 
the replacement of Al by V in crystal structures. Zhu 
et al. (2018) reported that in soils of low pH, kaolin-
ite may play an essential role in V adsorption, with a 
high adsorption capacity at pH between 4 and 10. The 
variation in V concentrations among Brazilian sandy 
soils under the Cerrado at the Parnaíba–São Fran-
cisco Basin transition also indicates that pedogenetic 
processes play an important role in the geochemistry 
of this metal in soils.

As observed in soils from the Parnaíba Basin, V is 
positively correlated with  Al2O3 in soils from the São 
Francisco Basin. This correlation may be in response 
to the same phenomenon: the isomorphic substitution 
of Al for V in clay structures or the adsorption of V 
by those minerals (Zhu et  al., 2018). Although the 
R2 values were observed, this correlation was more 
substantial in soils from the São Francisco Basin 
than in the Parnaíba Basin. This difference may be in 
response to the pH. P4, P5, and P6 have a pH between 
4 and 10, which provides a better V adsorption condi-
tion for kaolinite (Zhu et al., 2018). The higher con-
centration of Ba in soils from the São Francisco Basin 
is associated with the significant presence of  K2O in 
those soils, especially in P5 and P6. The presence of 
 K2O has a clear connection with the presence of feld-
spar, hence, associating the Ba content to the pres-
ence of this primary mineral. According to Kabata-
Pendias (2011), this relation occurs in response to the 
similar ionic radii of Ba and K. However, the weath-
ering of feldspar is not followed by the adsorption and 
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immobilization of Ba by clays or iron oxides, despite 
the common association between Ba and clay miner-
als (Cappuyns, 2018). Sverjensky (2006) reported 
that elements such as Be, Mg, Ca, Sr, and Ra are com-
petitive with Ba for adsorption sites on iron oxides, 
which may explain the negative correlation between 
Ba and  Fe2O3. Sajih et al. (2014) also reported weak 
adsorption of Ba in iron oxides. The possible pres-
ence of iron oxides such as titanomaghemite, which 
refers to cation-deficient spinels in the  Fe3+-rich field 
in the series  Fe3O4–Fe2TiO4–FeTiO3–γ-Fe2O3, is the 
reason why  TiO2 has the same or similar correlation 
as  Fe2O3 with PTEs, given that Al and Ti are com-
mon substitutions at octahedral sheets (Giovannini 
et al., 2020).

In soils from the Parnaíba Basin, Cr and Ni exhib-
ited different behaviors, considering their correlation 
with Cr,  Al2O3, and CIA. The correlation between Cr 
and  Al2O3 may be associated with two possibilities. 
Since the Parnaíba Basin soils have kaolinite in their 
composition, one possibility is the isomorphic sub-
stitution of  Al3+ for  Cr3+ during the crystallization 
of its phyllosilicate. This same substitution is pos-
sible in the crystallization of illite present in the P1 
and P2. The second possibility is the sorption of  Cr6+ 
in charges from these clay minerals, such as kaolin-
ite and illite. These two possibilities may be consid-
ered because naturally occurring Cr compounds have 
principal valences of + 3 (chromic) and + 6 (chro-
mate) (Chrysochoou et  al., 2016), with the chromic 
form (less toxic and less soluble) able to replace  Al3+. 
Chromium was negatively correlated with  Fe2O3 and 
 TiO2 in soils from the São Francisco Basin. This 
information suggests that the Cr form that occurs in 
soils from that basin is mostly  Cr6+, which tends to be 
less adsorbed by iron oxides (Rajput et al., 2016). In 
other words, the concentration of Cr decreased with 
the formation of hematite, goethite, or another iron 
oxide. In addition, the reduction of  Cr6+ to  Cr3+ in 
these soils is due to the oxidic environment and low 
organic matter content (Li et al., 2020), as is found in 
these soils.

The chromate form (highly toxic and highly 
soluble) is readily absorbed by clays and hydrous 
oxides (Gonzalez-Rodriguez & Fernandez-Marcos, 
2021). On the other hand, the negative correlation 
between Ni and  Al2O3 may have resulted from Ni 
leaching after the formation of kaolinite and illite. 
Besides, Ni is quickly mobilized during weathering 

(Kabata-Pendias, 2011) and kaolinite or illite does 
not adsorb Ni significantly in soils with acid pH 
(Savignan et al., 2021). Because the oxides from sec-
ondary minerals are also added in the CIA calcula-
tion, this explains its correlation with PTEs, which 
also correlate with  Al2O3 or other oxides. Geochemi-
cally, Ni usually joins metallic Fe wherever such a 
phase occurs and is also associated with carbonates 
and ferromagnesian minerals (Kabata-Pendias, 2011). 
The positive correlation between Ni and pH in soils 
from the São Francisco Basin reflects an association 
between Ni and  K2O. This association occurs because 
 K2O has been observed in greater amounts in P5 and 
P6, which suggests higher content of feldspar in these 
soils as compared to P4. Regardless of the clay min-
erals and iron oxides being known by their efficiency 
in the Ni adsorption processes (Savignan et al., 2021), 
the negative correlation between Ni and  Al2O3, and 
 TiO2 indicates that soil pH precludes this phenom-
enon. According to Mellis et  al. (2017), the pool of 
variable charges that could work on Ni adsorption 
only appears at pH values above 6.5. It is important 
to mention that kaolinite is the primary phyllosilicate 
found in these clays, which strengthens this observa-
tion. Perhaps for the same reason, Pb is also nega-
tively related to  TiO2.

The correlation between Pb and CEC indicates that 
charges provided by kaolinite, illite, and organic mat-
ter are involved in Pb adsorption processes. Accord-
ing to Kabata-Pendias (2011), weathering provides 
oxidation of Pb sulfides, enabling the incorporation of 
Pb in clay minerals, Fe and Mn oxides, and organic 
matter. In addition, Pb has weak solubility and can 
replace K, Ba, Sr, and Ca in minerals, and organic 
matter (Kabata-Pendias, 2011). Thus, the dynamics 
of Pb in soils may explain its correlation with CEC.

The positive correlation between Cu and clay, 
 SiO2, and  Al2O3 is possibly due to the high affinity 
of Cu adsorbed by kaolinites and illites. According 
to Kabata-Pendias (2011), the clay fraction is the soil 
attribute with a larger capacity to explain the pres-
ence of Cu. Silicon dioxide and  Al2O3 are present 
in illite and kaolinite crystals found in soils from the 
São Francisco Basin, and they may play this role. 
Nevertheless, the pH of these soils does not allow an 
increase in variable charges provided by iron oxides 
(Vindedahl et  al., 2016), reflecting the low level of 
Cu adsorption by these oxides, resulting in a negative 
correlation between Cu and  Fe2O3.
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The soil pH controls Zn adsorption as well. This 
may explain the negative correlation between Zn and 
 Al2O3 in soils from the São Francisco Basin. Accord-
ing to Hamidpour et al. (2019), the adsorption of Zn 
by clay minerals, especially kaolinite, may be mini-
mal at pH below 5.5, which results in the easy mobi-
lization and leaching of Zn. The positive correlation 
between Zn and  SiO2 is an indicative of the adsorption 
of Zn on the silica tetrahedron of kaolinites and illites 
in soils from the São Francisco Basin. Ferric oxide 
has not been efficient in such adsorption because of 
the negative correlation between this oxide and Zn. 
Although these soils have a pH below 6, the probable 
absence of competitive cations to adsorption sites on 
kaolinite edges may result in Zn adsorption on clay 
minerals, even with the presence of illite. The same 
behavior was reported by Hamidpour et  al. (2019). 
According to Kabata-Pendias (2011), iron oxides 
appear to be of minor importance in Zn adsorption 
processes in sandy soils.

The absence of a statistically significant correla-
tion between the (La/Yb)N ratio and the CIA indicates 
the low influence of climate on REE geochemistry in 
soils from the Parnaíba–São Francisco Basin transi-
tion and can be explained by the low REE concen-
trations in soils originated from sandstones. Soils 
derived from sandstones commonly exhibit lower 
fractionation among LREEs and HREEs than soils 
originated from igneous rocks (Landim et  al., 2021; 
Pereira et al., 2019). The presence of (La/Yb)N ratios 
greater than 1 in the P3 (Parnaíba basin), P4, and P5 
(São Francisco basin) reflects the influence of mafic 
material on the formation of these soils. This state-
ment corroborates Bolarinwa and Bute (2016), who 
reported that magma evolution occurred through 
crystal fractionation, and the occurrence of this pro-
cess may be recognized by observing (La/Yb)N ratios 
greater than 1. In addition, pedogenetic processes can 
fractionate and redistribute the REEs in the soils as a 
result of the weathering action.

According to the Oddo-Harkins rule, the REE con-
tent decreases with increasing atomic number (Laveuf 
& Cornu, 2009). The REEs of the higher background 
concentration were Ce, as found by Silva et  al. 
(2018). The high Ce concentration in soils can be 
explained by the fact that Ce can occur in a Ce (IV) 
valence state and can be associated with the pres-
ence of Fe–Mn concretions. The negative Ce anomaly 
observed in this study may indicate a slight depletion 

of this element in soils from the Parnaíba–São Fran-
cisco Basin transition. Overall, the negative Ce anom-
alies also indicate the relative La and Pr enrichment in 
these soils. The variation in Ce anomalies in the Bra-
zilian sandy soils under the Cerrado can be explained 
by the variability of the oxidation conditions. On the 
other hand, it may also indicate that UCC could not 
be the best choice to normalize data obtained in soils 
derived mainly from sandstones.

Rare earth elements are known to have similar 
geochemical properties (Laveuf & Cornu, 2009; 
Mihajlovic & Rinklebe, 2018). This statement may 
refer to the positive correlation of La, Ce, Pr, Nd, Sm, 
and Gd with CEC in soils from the Parnaíba Basin. 
The positive correlation among REEs suggests that 
these metals were likely released from the same pri-
mary minerals. The correlation between REEs and 
CEC is provided by forming complexes and chelates 
between organic materials and REEs (Davranche 
et  al., 2015). However, this interpretation is more 
effective in observing that Pr, Nd, Sm, and Gd corre-
late with TOC. Soils with higher organic carbon con-
centrations often have greater REE enrichment than 
other soils (Tyler, 2004).

Even in sandy soils, there is relevance of charges 
provided sesquioxides from the clay fraction in the 
adsorption of REEs. The association of Pr, Sm, Eu, 
Tb, and Lu with some of these sesquioxides was 
observed in this study. Nevertheless, the isomorphic 
substitution of  Al3+ for REEs is also a possibility. In 
other words, illite and kaolinite are responsible for 
explaining some of the REEs in soils from the Par-
naíba Basin. Iron oxides are also important in these 
soils. According to Courtois (1974), iron oxides tend 
to expulse REEs during the crystallization process. 
However, in amorphous iron oxides, the presence of 
REEs is significant (Compton et al., 2003). This state-
ment indicates that iron oxides or titano-iron oxides 
in Parnaíba Basin soils are probably amorphous or 
have low crystallinity, resulting in their association 
with Pr, Sm, Eu, and Tb. According to Laveuf and 
Cornu (2009), weathering commonly promotes REE 
depletion in soils under tropical conditions. In this 
study, this phenomenon is associated with Ho and Lu, 
considering that these two REEs have a positive cor-
relation with CIA. However, in general, the lack of a 
significant correlation between most REEs, and CIA 
indicates a small effect of weathering intensity on 
REE depletion in soils from the Parnaíba Basin.
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In contrast to what was observed in soils from the 
Parnaíba Basin, only Ho and Lu proposed a correla-
tion with soil attributes in soils from the São Francisco 
Basin. As explained above, the three phenomena which 
may explain the positive correlation between Ho and 
 Al2O3 are: (1) the adsorption of Ho by kaolinites, (2) 
the replacement of  Al3+ in both illite and kaolinite, and 
(3) the presence of Ho in interlayer sites of illites. Sim-
ilar results were also reported by Yan et al. (1999) and 
Coppin (2002). On the other hand, the negative corre-
lation of Ho with  Fe2O3 and Lu with  Fe2O3 and  TiO2 
may be in response to the crystallinity of iron oxides, 
which promotes such a correlation (Compton et  al., 
2003). This study demonstrates that the geochemistry 
of REEs vary between Brazilian sandy soils under the 
Cerrado at the Parnaíba–São Francisco Basin transi-
tion as a function of both parent material and weath-
ering process. However, as reported by Temga et  al. 
(2021), it is difficult to establish which factor among 
them is predominant, and the geochemical behavior of 
these metals may vary on a case-by-case basis.

Conclusions

The parent material governs the background concen-
trations of PTEs and REEs in Brazilian sandy soils 
under the Cerrado at the Parnaíba–São Francisco 
Basin transition. The background concentrations of 
these elements are low, but soils from the Parnaíba 
Basin have a generically higher concentration of 
PTEs than soils from the São Francisco Basin. The 
main factors governing the differences in the geo-
chemistry of REEs and PTEs between Brazilian 
sandy soils under the Cerrado at the Parnaíba–São 
Francisco Basin transition are the parent material 
(mainly sandstones) and the weathering process.

In soils from the Parnaíba Basin, mainly  Al2O3 
has relevance in V and Cr geochemistry, as these ele-
ments increase with increasing  Al2O3 content. On the 
other hand, the REEs have CEC as a soil attribute of 
higher relevance in the geochemistry of those ele-
ments in soils from the Parnaíba Basin, and this rel-
evance divides the TOC,  Fe2O3, and  TiO2 minerals 
from the clay fraction. In soils from the São Francisco 
Basin, the geochemistry of PTEs is possibly associ-
ated with kaolinite, especially Cu, V, and Zn. In con-
trast, the Ba concentration was associated with the 
presence of feldspar. Unlike soils from the Parnaíba 

Basin, the REEs do not correlate with the studied 
soil attributes, except for Ho and Lu. Holmium had a 
positive association with  Al2O3. Ho and Lu are nega-
tively related to the presence of iron oxides.
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