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ABSTRACT: Environmental impacts caused by the addition of rare earth elements (REEs) to
agricultural soils are a growing concern. The sedimentary basin of the Gurguéia River is located
in one of the last agricultural frontiers in Brazil; nevertheless, data regarding quality reference
values (QRVs) for REEs in soils are still scarce. The objective of this study was therefore
to determine the natural concentration and establish the QRVs of REEs in soils of Gurguéia
watershed, Brazil. Fifty-five composite soil samples were collected at sites under no or minimal
anthropic interference. The average REE natural concentrations in soils from the Gurguéia
watershed were lower than those found in other regions of Brazil and worldwide, following the
order (mg kg): Ce (14.01) > Nd (6.19) > La (5.52) > Pr (2.51) > Sm (1.45) > Gd (0.93) > Dy
(0.63) > Er (0.42) > Yb (0.39) > Tb (0.28) > Eu (0.26) > Lu (0.20). The parent material was the
main factor that controlled the distribution of REEs in soils. The QRVs in soils followed the order
(mg kg): Ce (18.8) > Nd (7.92) > La (6.32) > Pr (3.3) > Sm (1.97) > Gd (1.35) > Dy (0.85)
> Er (0.55) > Yb (0.47) > Tb (0.37) > Lu (0.25). These values serve as a basis to assist the

Accepted November 20, 2020

Introduction

Rare earth elements (REEs) are composed of 15 elements
of the lanthanides (Z = 57-71). These elements are
usually separated into two groups known as light rare
earth elements (LREEs; La-Eu) and heavy rare earth
elements (HREEs; Gd-Lu) (Lara et al., 2018; Dinali et al.,
2019; Silva et al., 2019). REEs are contained in more than
200 minerals, mainly in silicates, oxides, carbonates,
phosphates and fluorides (Goodenough et al., 2016).
The contents of REEs in soils are also influenced by the
weathering processes and soil properties, such as pH,
organic matter, and clay mineral type (Mihajlovic et al.,
2019; Santos et al., 2019).

REEs are essential for the industry, agriculture, and
modern living. However, the increasing storage of REEs
in soils has caused adverse impacts on the environment
(Liu et al., 2019; Omodara et al., 2019) and human
health (Bai et al., 2019; Pagano et al., 2019), especially
in agricultural regions (Ramos et al., 2016; Silva et al.,
2019; Jin et al., 2019). Knowledge on the background
concentration and quality reference values (QRVs) is
fundamental to manage soils properly, preventing risks
to humans and environment (Nogueira et al., 2018).

Brazil is among the five largest countries in the
world and has a great pedological variability. Therefore,
establishing QRVs for REEs under different scales is
critical for the proper management of the soils. In Brazil,
despite recent efforts to determine the background
concentrations of heavy metals in soils (Silva et al.,
2016; Paye et al., 2016), the levels of ORVs for REEs in
Brazilian soils are not established (Silva et al., 2018a),
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development of legislation, including REE thresholds for Brazilian soils.
Keywords: REE geochemistry, Gurguéia watershed, Oxisols, lanthanides

which can hinder the monitoring of REEs in the soils by
environmental agencies.

The Gurguéia watershed represents one of the last
agricultural frontiers in Brazil. The significant expansion
of grain cultivation in this region stands out as one of the
most important economic, agricultural, and industrial
activities in northeastern Brazil. The accumulation of
REEs in agricultural soils of this sedimentary basin has
become a major environmental concern. Therefore, this
study aimed to determine the natural concentration and
establish the levels of QRVs of REEs in the soils of the
Gurguéia watershed. Determining these values serves as
a basis to assist the development of legislation, including
thresholds for REEs in Brazilian soils.

Materials and Methods
Study site

The Gurguéia watershed covers 48,830 km? of drainage
area (06°50'2.40" and 10°55'44.40" S and 43°23'27.60"
and 44°55'55.20" W, altitude of 621 m). The main
watercourse stretches for 520 km and supplies water
to 33 municipalities. Among the municipalities of the
basin, Gilbués and Monte Alegre stand out as sites under
desertification processes. In addition to the predominant
influence of the Savana biome, considered one of the 35
hotspots of biodiversity in the world (Mittermeier et al.,
2011), there is also a Savana-Caatinga transition area.
The average annual temperature is equal to 26 °C.
The average annual rainfall ranges from 700 to 1300 mm,
characterized by high concentration from Dec to Mar.
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The soils are mainly derived from sedimentary rocks,
except limestones. Soils originated from igneous and
metamorphic rocks are also observed to a smaller extent.

The Gurguéia watershed consists of a wide erosive
form derived mostly from river carving, equivalent to
14 % of the intracratonic basin of Parnaiba (Pfaltzgraff et
al., 2010). The Gurguéia watershed comprises, mainly,
the supersequences Silurian, Denonian-Mississippian,
and Pennsylvanian-Lower Triassic, which correspond
to Serra Grande Group, Canindé Group, and Balsas
Group, respectively (Oliveira and Moura, 2019). The
Serra Grande Group is represented by conglomeratic
sandstones at the bottom and fine sandstones at the
top, interlayered by siltstones, shales and claystones
(Pfaltzgraff et al., 2010). The Canidé Group (Pimenteiras,
Cabecas, Longéd and Poti Formations) is represented by
fine-to-medium sandstones interlayered with bioturbated
shales (Goes and Feijé, 1994; Oliveira and Moura, 2019).

The Balsas Group (Piaui Formation) corresponds to
continental and coastal deposits, under arid conditions,
represented by sandstones, shales and limestones (Gées
and Feij6, 1994). A lessrepresentative part of the Gurguéia
watershed is comprised of sandstones, siltstones, shale,
and conglomerates of fluvial nature deposited in the
units of the Areado Group of Cretaceous age (Fragoso
et al., 2011; Oliveira et al., 2014}, thick sequences of
fluvial and aeolian sandstones, containing interleaving
of siltstones and shale of the Urucuia Group, also
deposited at Cretaceous (Pfaltzgraff et al., 2010; Oliveira
et al., 2014), and colluvium-eluvial deposits of sand and
alluvial deposits around the Gurguéia River (Pfaltzgraff
et al., 2010). The metamorphic/igneous rocks found in
the Gurguéia watershed are comprised of schist and
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phyllite of Proterozoic age (Rio Preto Group), as well as
migmatite, orthogneisses, and paragneisses (metamafic
and metaultramafic levels) of Archean age (Cristalandia
do Piaui Complex) (Pfaltzgraff et al., 2010).

Soil sampling

Ten subsamples were collected at 0-20 cm depth (i.e.
under the minimal anthropic influence) to form a
composite sample soil at each of the 55 sampling sites to
cover the diversity of parent materials and soils of the
state (Figures 1A and 1B).

Soil preparation, physical and chemical analysis

The soil sample was air-dried, sieved (2-mm nylon sieve),
then grounded and passed through a stainless steel sieve
(0.15-mm mesh). The soil pH was determined in water
(soil:water ratio 1:2.5). The soil organic carbon (SOC)
was analyzed by the Walkley-Black method (Yeomans
and Bremmer, 1988). The soil sample was digested in
Teflon vessel in a microwave oven (USEPA, 1998). The
REEs were determined by inductively coupled plasma
(ICP-OES). A cyclonic spray chamber was coupled to the
ICP-OES to increase sensitivity to determine the REEs.
The standard operation and analytical data quality
assurance procedures were followed, including the use of
reference materials, such as San Joaquin Soil (2709a) and
Montana Soil (2710a) (NIST, 2002). Recovery rates were
satisfactory and ranged from 88 % to 105 %; thus, this
digestion method does not extract the contents strongly
bounded to silicate minerals. Several authors have used
this method to extract REEs from soils (BBodSchV, 1999;
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Figure 1 — Sampling sites according to the different parent materials (A) and soil classes (B) of the Gurguéia River sedimentary basin, southern

Piaui, northeastern Brazil (CPRM, 2010).

Sci. Agric. v.78, Suppl., €20200069 2021



Silva et al.

Rao et al., 2010; Loell et al., 2011; Mercurio et al., 2014;
Mihajlovic et al., 2014; Censi et al., 2014; Alfaro et al.,
2018; Silva et al., 2018a; Mihajlovic et al., 2019).

Major elements were measured by wavelength
dispersive X-ray fluorescence (WDXRF, S8 TIGER ECO-
WDXREF). Samples were heated at 1000 °C for 1 h to
obtain the loss on ignition. The results were used to
calculate the chemical index of alteration (CIA) (Nesbitt
and Young, 1982):

CIA =[ AL,O; | (ALO, + Na,0 + CaO + K,0) |x100 (1)

The CIA values increase with the depletion of
cations (Ca?*, K*, and Na*). Aluminum is relatively
immobile; therefore, it is often used as an indicator to
evaluate the intensity of chemical weathering of rocks
and their respective soils (Alfaro et al., 2018; Silva et al.,
2018b; Santos et al., 2019). Muscovite has CIA values
around 75 % and kaolinite has a value close to 100 %
(Nesbitt and Young, 1982).

Normalization, fractionation and anomaly

The contents of REEs of the upper continental crust
(UCC; Taylor and McLennan, 1985) were used to
normalize the concentration of REEs in soils of the
Gurguéia watershed. The UCC has been commonly
used to evaluate the enrichment and depletion patterns
of REEs in soil samples (Cunha et al., 2018; Silva et
al., 2018b; Mihajlovic et al., 2019). The La /Yb , Gd,/
Yb, and La/Sm ratios were used to calculate the
fractionation between LREEs/HREEs, HREEs and
LREEs, respectively. The anomalies of Ce and Eu were
calculated following Compton et al. (2003):

« Ce
S - (2)
(Lay * Pry)
= Euy
(Smy, * Gdy)°®

where: N denotes the normalized values. The value
below 1 indicates depletion (negative anomaly), while
the value above 1 indicates enrichment in relation to the
UCC (positive anomaly).

(3)

Data analysis

Results were analyzed using the descriptive statistics,
multivariate techniques, and geostatistics. For the
descriptive analyses, the maximum, minimum, median,
mean, and standard deviation were calculated. The
multivariate statistical analysis (factor analysis) was
applied to verify the association between soil properties
and the REEs. The varimax rotation was used to extract
the most important variables (Kaiser, 1958). The
variables were standardized and only eigenvalues > 1
were selected. Soil QRVs were calculated based on 75%
percentile (CONAMA, 2009).
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The geostatistical analyses were performed for
the sums of LREE, HREE, REE and LREE/HREE to
investigate the distribution of REEs according to soil
classes and geological context. Adjustments were made
via simple experimental semivariograms. Spherical,
exponential, or Gaussian models were chosen based
on the sum of squares of residuals (SSR), determination
coefficient (R?), and the degree of spatial dependence
(DSD). The DSD was calculated and interpreted
following Cambardella et al. (1994).

Results and Discussion
Natural content of REEs in soils

The pHranged from 3.6 t0 6.3 (mean of 4.6 + 0.7) with the
predominance of the acidic condition. Data on particle
size distribution shows that the soils are mostly sandy
(mean of 77.7 + 9.4). The clay and silt mean contents
were 17 % and 4.7, respectively. The SOC contents were
medium to low, varying from 0.01 to 1.8 % (mean value
of 0.9 %). The low cation exchange capacity is typical in
the soils studied (Souza et al., 2019).

The average background concentrations of REEs
in tropical soils of Gurguéia watershed followed the
order (mg kg™): Ce (14.01) > Nd (6.19) > La (5.52) >
Pr (2.51) > Sm (1.45) > Gd (0.93) > Dy (0.63) > Er
(0.42) > Yb (0.39) > Tb (0.28) > Eu (0.26) > Lu (0.20)
(Table 1). These values were much lower than those
found in soils from Brazil (Silva et al., 2016; Paye et
al., 2016; Silva et al., 2018a), China (Wei et al., 1991),
Japan (Yoshida et al., 1998), Cuba (Alfaro et al., 2018)
and Europe (Sadeghi et al., 2013) (Table 1). The lowest
concentrations of LREEs and HREEs in the soils from
Gurguéia watershed are governed by parent material,
with a predominance of soils originating from quartz
sandstones. Silva et al. (2016) also showed that the parent
material controlled the concentration of REEs in soils
from the northeastern region of Brazil. They observed
the lowest concentrations of REEs in soils derived from
sedimentary rocks, demonstrating the importance of
establishing ORVs considering a set of geomorphological,
pedological, and geological compartments. The use of
ORVs from other regions result in serious economic,
social, and environmental losses.

The LREEs and HREEs represent 91 % and 9 %
of the total rare earth elements, respectively. Among
the LREEs, Ce was the most abundant, corresponding
to 47 % of the total concentration. The proportions
observed for Ce and LREEs in this study were similar
to those found by Wang and Liang (2016) in soils from
China. In Brazil, several authors also showed Ce as the
most abundant LREE, with proportions equivalent to
45 % (Silva et al., 2016), 54 % (Paye et al., 2016), and
47 % (Silva et al., 2018a). The sum of REEs in the soils of
Gurguéia watershed ranged from 4.23 mg kg™ to 116 mg
kg, with an average concentration of about 32.94 mg
kg!. These results are within the concentration range
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Table 1 - Average concentration of REEs in the soils of the sedimentary basin of the Gurguéia River watershed compared to the contents of REEs

in Brazilian states, countries, Europe, and upper continental crust.

REEs Gurguéia PE! RN? Brazil® China* Japan® Cuba® Europe’ ucce
mg kgt
La 552+ 35 20.79 18.9 22.99 37.4 18.0 15.2 25.9 35
Ce 14.01 £ 9.1 43.48 40.4 69.74 64.7 40.0 24.2 52.2 66
Pr 251+1.8 9.61 7.3 6.44 6.67 4.53 5.03 6.02 9.1
Nd 6.19+4.1 17.7 15.8 22.99 25.1 18.0 17.1 224 40
Sm 145+1.0 3.37 3 4.47 4.94 3.74 4.40 4.28 7
Eu 0.26 + 0.1 0.6 0.5 0.63 0.98 1.03 0.03 0.85 2.1
Gd 0.93=+0.7 2.32 2.6 3.61 4.38 3.72 0.15 4.20 6.1
Tb 0.28 +0.2 0.5 0.5 0.51 0.58 1.22 1.21 0.64 1.2
Dy 0.63+0.5 0.93 1 2.75 8198 3.33 1.31 3.58 4.5
Ho nd 0.17 0.3 0.52 0.83 0.71 0.55 0.72 1.3
Er 0.42 0.3 0.59 0.7 1.51 2.42 2.02 2.36 2.10 35
Tm nd nd nd 0.22 0.24 0.29 0.02 0.33 0.33
Yb 0.39+0.2 0.67 0.6 1.49 2.32 2.01 1.86 3.10 3.1
Lu 0.2+0.1 0.05 0.2 0.22 0.35 0.34 0.77 0.80 0.8
>LREE 29.95 + 19.6 95.55 85.9 127.26 140 85.2 65.9 159 159
>HREE 299=+23 5.23 5.9 10.83 14.8 13.2 8.21 51.5 20.8
>REE 3294 +£21.8 100.78 91.9 134.09 155 98.4 74.1 211 180
>LREE/>HREE 10.02 + 2.8 18.27 14.56 11.75 9.43 6.45 8.03 7.76 7.64

1Silva et al. (2016); 2Silva et al. (2018a); 3Paye et al. (2016); “Wei et al. (1991); 5Yoshida et al. (1998); ¢Alfaro et al. (2018); 7Sadeghi et al. (2013); 8UCC = upper

continental crust; nd = non detected. REEs = rare earth elements; LREE = light rare earth elements; and HREE = heavy rare earth elements.

of REEs found in soils (Tyler, 2004; Hu et al., 2006), but
lower than the values often reported for Brazilian soils
(Table 1).

The REE average concentration per soil type
followed the order (mg kg): Ultisols (72.56) > Alfisols
(39.58) > Entisols Lithics (35.91) > Oxisols (25.13)
> Entisols Fluvents (15.32) (Figure 2A). The Ultisols
showed the highest REE concentrations because they
were mainly derived from igneous and metamorphic
rocks (Figure 2B). The lowest levels were observed in
Entisols Fluvents, which reflect their composition known
to be enriched in quartz sediments. These results are in
agreement with those shown by Silva et al. (2018a) and
Alfaro et al. (2018), who observed that even under humid
tropical patterns, the parent material played an important
role in the geochemistry of the REEs. Soils derived from
igneous rocks tend to have the highest concentrations of
the REEs (Hu et al., 2006). Additionally, the influence of
other soil formation factors and pedogenetic processes on
the geochemistry of the REEs, as variations in the levels
of REEs among the same soil class, might also occur.

Quality reference values of REEs in soils

Although REEs are considered emerging pollutants to the
environment in Brazil, there are still no guidelines about
the presence of these elements in the soil. Therefore, the
ongoing expansion of the agricultural sector in Brazil,
one of the world's largest food producers, and the lack
of ORVs for REE in soils has been a growing concern.
Thus, the of QRVs for REEs in soils of the sedimentary
basin of the Gurguéia River were established following
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Figure 2 — Mean contents of REEs (mg kg™) in the soils of the
Gurguéia watershed (A) Average concentration of REEs per soil
class and (B) Average concentration of REEs per parent material.
REE refers to the sum of REEs.
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the guidelines proposed by the National Council of the
Environment (CONAMA, 2009) for the monitoring of
heavy metals in soils. The QRVs were calculated based on
the 75" percentile, as it is considered more conservative
than the 90" percentile, which excludes only 10 % of the
highest values, therefore, preferred by private agencies
(Santos and Alleoni, 2013). The 75% percentile has already
been widely used to monitor heavy metals in several
Brazilian states (Biondi et al., 2011; Santos et al., 2018;
Preston et al., 2014; Almeida Junior et al., 2016; Melo et
al., 2017; Nogueira et al., 2018).

The ORVs for soils followed the order (mg kg!): Ce
(18.8) > Nd (7.92) > La (6.32) > Pr (3.3) > Sm (1.97) >
Gd (1.35) > Dy (0.85) > Er (0.55) = Yb (0.47) > Tb (0.37)
> Lu (0.25). In general, the ORVs for LREEs in the soils
from Gurguéia watershed were lower than in soils from
Rio Grande do Norte State (percentile 75%, mg kg™'): Ce
(24.21) > La (10.94) > Nd (9.48) > Pr (4.32) > Sm (1.87)
> Gd (1.52) > Dy (0.69) > Er (0.43) > Yb (0.33) > Tb
(0.32) > Ho (0.21) > Lu (0.10) > Tm (0.09). Rio Grande
do Norte is the only Brazilian state that has established
ORVs for REEs in soils (Silva et al., 2018a); therefore,
it is crucial to establish QRVs values, considering a
set of geomorphological, pedological, and geological
compartments. These values serve as a basis to create
a legislation, including thresholds of REEs for Brazilian
soils. However, the lack of ORVs for REEs in soils is
not only a concern in Brazil, but also worldwide. Based
on the great variability of Brazilian soils, future studies
should seek to improve the resolution of the soil sampling
in order to develop ORVs for local conditions, taking into
account the specific geochemical characteristics.

Influence of soil properties and major elements
on the concentration of REEs in the soils across
Gurguéia watershed

The concentration of major elements (%) followed the
order: Si > Al > Fe > K > Mg > Ti > Na > Ca >
Mn (Table 2). Soils with the highest proportion of silica
(Entisols Fluvents) presented the lowest concentrations
of REEs (data not shown). In contrast, clayey soils with
lower proportions of SiO,, such as Ultisols derived from
igneous rocks, exhibited the highest concentrations of
REEs (Figures 2A and 2B). Alfaro et al. (2018) studied
the geochemistry of the REEs in soils developed under
different geological settings and reported similar results.
For instance, the lowest XREE mean content (12.0 mg
kg?!) was detected in Typic Kandiustalf soil, with the
highest values of SiO, (73 %). On the other hand, Typic
Rhodudalf and Rhodic Eutrodox soils showed the lowest
concentration of SiO, (22-25 %), with the contents of
2REE roughly four-fold higher than those of soils from
other parent materials.

Soils of the sedimentary basin of Gurguéia River
exhibited weathering rates ranging from intermediate
to advanced, with the CIA ranging from 69.9 % to
99.7 %, with an average of 93.6 % (Table 2). Ultisols and
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Table 2 - Proportions of major elements, CIA, clay and sand in
tropical soils of a sedimentary basin in northeast Brazil.

Oxides Maximum Minimum Median Mean SD
%
Na,0 1.62 0.01 0.06 0.13 0.26
MgO 2.35 0.01 0.10 0.22 0.39
AlLO, 28.64 6.55 16.60 16.79 5.60
Sio, 88.94 50.36 72.75  72.48 9.63
K,0 6.48 0.03 0.42 0.89 1.24
Cal 0.93 0.02 0.04 0.11 0.18
TiO, 1.94 0.31 0.86 0.94 0.37
MnO 0.11 0.01 0.01 0.02 0.03
Fe,0, 8.06 0.40 2.10 2.68 1.84
CIA 99.69 69.87 92.94  93.58 5.88
Clay 38.40 2.4 14.12 17.56 5.08
Sandy 93.58 45.84 76.35  77.69 7.18

CIA = Chemical Index of Alteration; SD = Standard Deviation.

Alfisols derived from igneous and metamorphic rocks
presented the lowest CIA values and, consequently,
the highest concentrations of REEs (Figure 2A). These
results indicate that the soil class and geological context
of the region control geochemistry of REEs in soils. We
applied the factor analysis to provide more details on
the association among major elements, soil properties
and REEs in the soils (Table 3). The P,O,, TiO,, ZrO,,

275!

Cr,0,, SrO, SO,, BaO, Na,0O, SOC, and pH were ruled
out due to their little contribution. The three factors
presented eigenvalues higher than one (F1 = 17, F2 =
4.1 and F3 = 2.1) and explained approximately 87 % of
the variation of REEs in the soils (Table 3).

Factor 1 showed a positive correlation with XREEs
(0.91), XLREEs (0.95) and XHREEs (0.93) and negatively
correlated with sand (-0.65), which can be explained by
the dilution effect of quartz on the concentration of REEs.
Factor 2 showed positive correlation with Lu (0.77),
ALO, (0.88), Fe,O, (0.91), and clay (0.71), indicating
a better correlation of Lu with AL O, and Fe,O,. This
factor was negatively correlated with SiO, (-0.91). F3
showed a positive and highly significant correlation with
MgO (0.87), K,O (0.84), and CaO (0.85) and a negative
correlation with CIA (-0.80) due to the leaching of these
bases with the increased intensity of weathering. Both
pH and SOC did not affect the distribution of REEs.
However, Silva et al. (2016) and Vermeire et al. (2016)
demonstrated the influence of SOC and pH on the
concentration of REEs, suggesting that the composition
and interaction of chemical compartments of OM with
REEs might affect their geochemistry.

Fractionation and anomalies of REEs in soils

The concentrations of REEs were normalized using the
UCC (Taylor and McLennan, 1985). The normalized
concentrations, according to the soil class (Figure 3A)
and parent material (Figure 3B), demonstrated depletion
in relation to the continental earth’s crust (values are
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Table 3 - Influence of major elements and soil properties on the
distribution of REEs in tropical soils of a sedimentary basin in
northeast Brazil.

Variables F1 F2 F3
La 0.89 0.10 0.24
Ce 0.88 0.19 0.31
Pr 0.92 0.17 0.22
Nd 0.94 0.19 0.21
Sm 0.94 0.23 0.20
Eu 0.85 0.31 0.19
Gd 0.91 0.08 0.34
Yb 0.90 0.34 0.06
Lu 0.46 0.77 -0.04
Dy 0.98 0.06 0.07
Er 0.94 0.21 0.11
Tb 0.83 0.49 0.09
LREEs 0.91 0.18 0.27
HREEs 0.95 0.21 0.19
REEs 0.93 0.18 0.26
MgO 0.18 0.08 0.87
ALO, 0.10 0.88 -0.07
Sio, -0.17 -0.91 -0.08
K,0 0.35 -0.04 0.84
Ca0 0.26 0.04 0.85
Fe,0, 0.18 0.91 0.01
CIA -0.29 0.25 -0.80
% Sand -0.65 -0.62 -0.35
% Clay 0.30 0.76 -0.22
Explained variance (%) 64 15 7.9
Eigenvalues 17 4.1 2.1

Significant loads are in bold.

lower than a unity). These results could be explained by
the geological context of the sedimentary basin of the
Gurguéia River, with a predominance of soils originating
from sandstones, which exhibit low concentrations of
REEs in comparison to UCC.

The soil classes presented positive Ce and
negative Eu anomalies, decreasing in the following
order: Ultisols (37.68; 0.51) > Alfisols (18.24; 0.35) >
Entisols Lithics (17.65; 0.28) > Oxisols (12.16; 0.19)
and Entisols Fluvents (7.74; 0.10), respectively (Table
4). Variation in the positive anomalies for Ce and
negative for Eu are mainly influenced by mineralogical
composition of the parent material. The Ultisols and
Alfisols derived from igneous rocks, more clayey
and with lower SiO, content, exhibited the higher
positive Ce anomalies and lower negative anomalies
for Eu, while the Entisols Fluvents, highly influenced
by sediments, sandier, and with higher SiO, content,
presented the lower positive Ce anomalies, followed by
higher negative anomalies of Eu.

The mean fractionation values between the ratios
of LREEs, HREEs, and LREEs/HREEs, based on the ratios
of La,/Sm, Gd /Yb  and La/Yb,, were 0.62, 1.43 and
1.18, respectively. These data indicated that a depletion
inside the LREE group with practically no fractionation
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Figure 3-Behavior of REEs inthe soils (A) and according to the parent
material (B) across the Gurguéia watershed. Values are normalized
to upper continental crust = UCC (Taylor and McLennan, 1985).

Red line — values lower than “1” implies depletion and higher than
“1”, enrichment compared to the parent material.

between LREEs/HREEs in the soils of the sedimentary
basin of Gurguéia River (Table 4, and Figures 3A and
3B). This might be explained by the naturally very low
levels of REEs in the soils of the watershed, mainly
originating from quartz sandstones, which showed lower
concentrations of REEs in comparison to UCC (Taylor
and McLennan, 1985).

Geostatistical analysis

The parameters of experimental semivariograms
demonstrate that >LREEs, >HREEs, >REEs, and
> LREEs/HREEs had spatial dependence (Table 5). For
all attributes, this spatial dependence was considered
strong, according to the classification of Cambardella
et al. (1994). Thus, dependence can be observed
between values related to neighboring sites, evidencing
homogeneity in the concentrations of REEs. Huang et
al. (2019) identified a spatially homogeneous pattern
in the distribution of REEs in soils and reported the
same conditions. This relationship between neighboring
locations occurred up to a certain distance indicated by
range.
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Table 4 - Mean Ce and Eu anomalies and fractionation of REEs in
tropical soils of a sedimentary basin in northeast Brazil.
Ultisols Alfisols Oxisols Entisols Fluvents Entisols Lithics

Mean 37.68 18.24 12.16 7.74 17.65
Cofcer M 419 539 312 2.19 5.03
Max. 58.39 34.05 33.34  13.98 39.31

SD 1935 995 876 3.90 13.80

Mean 051 035 0.19 0.10 0.28

ey Mn 009 014 004 0.04 0.05
Max. 1.05 055 0.85 0.23 0.66

SO 029 014 0.17 0.06 0.24

Mean 1.18 091 1.02 1.23 0.88

Min. 0.66 080 1.14 1.21 1.10
LYo vax 129 084 054 0.74 0.68
SO 131 1.03 069 0.86 0.68

Mean 0.62 048 0.55 0.73 0.52

Lo /sm, M- 062 045 058 0.83 0.65
N Max. 0.65 043 0.36 0.74 0.46

SO 070 051 042 0.83 0.44

Mean 1.43 1.61 1.39 1.23 1.22

Min. 019 1.23 058 0.58 1.01
GO/ yax. 149 216 1.60 0.87 0.98
SD 148 270 166 0.89 1.12

Ce/Ce*= Ce anomaly; Eu/Eu*= Eu anomaly; LaN/YbN = fractionation
between LREEs and HREEs; LaN/SmN = fractionation between LREEs; GdAN/
YbN = fractionation between HREEs; SD = Standard Deviation.

Table 5 - Model parameters fitted to the experimental
semivariograms of REEs in tropical soils of a sedimentary basin
in northeast Brazil.

Variables Model C, C,+C, DSD ESD Range R®
% m

YLREE Exponential  90.0 7975 10 S 64600 0.98

>HREE Exponential  0.01 9.62 0.1 S 33700 0.77

YREE Exponential 107.0 966.8 10 S 62000 0.97

>LREE/HREE  Exponential  0.03 0.09 25 S 17200 0.50

C, = nugget effect; C; + C, = still; R* = determination coefficient; DSD (C/
C, + C,)*100) = degree of spatial dependence; ESD = evaluation of spatial
dependence; S = strong dependence.

The range for the sum of LREEs was close to
that observed for the sum of REEs. On the other hand,
the sum of HREEs presented a range lower than the
previous two; however, higher than that presented by
the sum of LREEs/HREEs (Table 1). This highlighted the
importance of LREEs in the natural levels of REEs. Silva
et al. (2018a) observed the same behavior in the spatial
variability of REE in soils under different pedological
and geological patterns.

The exponential model was the best to estimate the
REE values in unsampled locations, showing R? values
higher than 0.7. Silva et al. (2018a) also reported that
the exponential model showed the best performance to
the spatial distribution of most REEs. In addition, this
behavior could also be related to the fact that these
attributes are integrating the same factorial group (Table
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Figure 4 — Spatial distribution maps of >LREEs, YHREEs, > REEs,
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3). Therefore, the highest concentrations of all sums
were located in the central region of the basin and were
spread throughout the southeastern region.

The highest concentrations of REEs (Figure 4)
were located at the points of occurrence of igneous
phanerozoic rocks, responsible for forming the "Ultisols".
The soils derived from sedimentary rocks, located in the
northwestern and northeastern regions of the Gurguéia
watershed, presented the lowest levels of REEs (Figure 4).

Conclusion

The contents of REEs in tropical soils of the sedimentary
basin of the Gurguéia River were low, controlled
mainly by the parent material, with a predominance
of soils derived from quartz sandstone. The highest
concentrations were observed in Ultisols and Alfisols
originating from igneous rocks. The average natural
concentrations of REEs in the soils from the Gurguéia
watershed were (mg kg™'): Ce (14.01) > Nd (6.19) > La
(5.52) > Pr (2.51) > Sm (1.45) > Gd (0.93) > Dy (0.63)
> Er (0.42) > Yb (0.39) > Tb (0.28) > Eu (0.26) > Lu
(0.20). The average natural concentrations of REEs in
soils from the Gurguéia watershed were lower than
in other regions of Brazil and worldwide. There was a
low geochemical association between REEs and major
elements in soils of the Gurguéia watershed, except
for the strong influence of Fe,O, on Lu accumulation.
This demonstrates the importance of establishing ORVs
considering a set of geomorphological, pedological, and
geological compartments. The spatial variability of REEs
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is mainly related to the parent material. These results
serve as a reference for monitoring the quality of soils in
this region, mainly due to the accelerated expansion of
grain production. The establishment of ORVs for REEs
in tropical soils of the Gurguéia watershed serves as a
basis for the creation of legislation, including thresholds
for REEs for Brazilian soils.
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