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Although, a wide range of natural variability in REE content was observed, overall the REE median contents
were relatively low compared with those reported in soils from other parts of the world. The REE contents in
Brazilian soils showed significant correlation mainly with Fe, Mn and Ti oxides, as well as organic matter. REE
distribution in soils basically depend on the parent material, while fractionation of individual REEs depend on
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ments, metamorphic rocks, basic igneous rocks, unconsolidated sand and silt sediments, and acid igneous
rocks. REE normalized patterns varied significantly within each geological formation, except for soils derived
from alkaline igneous rocks. The greatest variations were observed in the light REEs. Graphic inspection using
exploratory data analysis tools such as Q-Q normal plots and boxplots was effective to recognize patterns and
identify different data groups, determine threshold values and thus define the range of the background REE
variability. The data set generated in this study may be used as a preliminary reference for regulatory actions
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in the Brazilian environmental legislation.
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1. Introduction

Natural contents of rare earth elements (REE) in soils are highly in-
fluenced by their parent materials, weathering state and pedogenetic
processes, texture, and contents of organic matter and clay minerals
(Huetal,, 2006). Furthermore, several studies have documented a gradual
REEs increase in soils influenced by anthropogenic inputs (Aubert et al.,
2004; Hu et al,, 2006; Zhang and Shan, 2001). Industrial activities, agricul-
ture and mining have been considered some of the major causes for the
increase and redistribution of large quantities of these elements in soil.

In recent years, studies on trace elements including heavy metals,
rare earth elements and radionuclides (Andersen et al., 2002; Doelsch
et al., 2006; Li et al., 2008; Martin, 1997; Matschullat et al., 2012; Zhu
and Shaw, 2000) have gained public attention because many illnesses
have been associated with high concentrations of these elements in
food and water due to soil pollution. The threat that these elements
pose to human and animal health is aggravated by their long-term per-
sistence in the environment. Studies conducted in areas with high REEs
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concentrations reported that continuous exposure can cause damage to
the circulatory, immunologic (Zhang et al., 2000), digestive (Zhang
et al., 2000), respiratory (Censi et al., 2011), and nervous systems
(He et al., 2008; Zhu et al., 2005), as well as decrease the intelligence
quotient in children (Fan et al., 2004), and increase the risk of develop-
ing arteriosclerosis and pneumoconiosis (Sabbioni et al., 1982).

World resources of REEs are contained primarily in the minerals
bastndsite, monazite, loparite, and in ion-adsorption clays (U.S.
Geological Survey, 2014). Bastndsite deposits in alkaline rocks and
carbonatites of China and the United States constitute the largest
percentage of the world's economic resources, while monazite deposits
in Australia, Brazil, China, India, Malaysia, South Africa, Sri Lanka,
Thailand, and the United States make up the second largest segment
(Foley, 2013). Brazilian deposits account for about 1% of the world
reserve (DNPM, 2010).

Currently, the use of REEs is closely associated with high-tech industry.
The increasing use of REEs in industrial processes suggests that REE re-
lease into the environment is likely to increase in the future with potential
impacts on human health (Sadeghi et al., 2013). Under this scenario, it is
necessary to establish the natural REEs concentration in soil in order to
monitor the impacts of human activity and understand the extent of the
anthropogenic influence on the environment.
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Natural concentration of REEs in soils can be used to establish back-
ground levels, which allow identification of contaminated areas and
contaminants in particular locations. These values are useful guidelines
in studies of quantitative risk assessment and in the remediation,
recycling and disposal of waste in soils (Gatuszka and Migaszewski,
2011). In Brazil, regional studies on the natural concentration of some
trace elements in soils have been used to establish guideline values for
environmental quality monitoring (Biondi, 2010; Caires, 2009;
CETESB, 2001; Fadigas et al., 2002; Paye et al., 2010). However, there
have been very few studies on REEs in Brazilian soils (Pérez et al.,
1997), and no REE background level has yet been determined.

The goal of the present study is to determine the natural REEs distri-
bution and fractionation in Brazilian soils at a national scale, investigate
the relationship among elements distribution and soil properties, and
establish natural backgrounds. Representative soil samples from differ-
ent Brazilian regions were investigated.

2. Material and methods
2.1. Soil sample selection

Based on the natural occurrence of 11 soil orders and seven type of
the rocks a total of 144 samples were selected from a soil bank (Minas
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Gerais Soil Bank/UFV) to represent the variability in soil types and
lithotypes across the different geographic regions of Brazil (Fig. 1), and
to ensure that the wide range of physical, chemical and mineralogical
characteristics would be covered in the sample set. Selected soil samples
were collected from 88 sites (Fig. 2) during field surveys carried out
by researchers from the Universidade Federal de Vicosa (UFV) and
Empresa Brasileira de Pesquisa Agropecuaria (EMBRAPA). It was avoided
selecting soil samples sampled from sites near urban environments and
industries. The samples included 77 surface horizons (A-horizon) and
67 subsurface horizons (B or C-horizon). These samples were classified
according to the Brazilian Soil Classification System (EMBRAPA, 2006)
which is based on the World Reference Base for Soil Resources (IUSS,
2006). Surface horizons were defined here as topsoil samples and
subsurface horizons as subsoil samples.

2.2. Sample preparation and characterization

All samples were air-dried, gently ground with the aid of a wooden
rolling pin, manually homogenized in plastic bags, sieved through a
2.0 mm nylon mesh, and then stored in closed plastic containers. For
REE analysis, a representative subsample of approximately 5 g of each
soil sample was ground in an agate mortar to less than 0.125 mm mesh,
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Fig. 1. Simplified lithotypes map at different geographic regions of Brazil.
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Fig. 2. Location of the sampling sites in the five Brazilian regions.

dried overnight in an electric oven at 80 °C, and stored in a desiccator
until total digestion.

Physical and chemical properties of the soils were analyzed in
the Geochemistry Laboratory at the UFV (Brazil ), except for organic
matter content, which was determined in the Geochemistry Labo-
ratory of The University of Queensland (UQ, Australia). All soil
property analyses were performed on air-dried soils sieved to less
than 2 mm.

Soil pH was measured with a glass electrode in a 1:2.5 (v/v) soil:water
ratio. Organic matter (OM) was determined by loss-on-ignition (LOI) at
430 °C for 16 h (Nelson and Sommers, 1996). Effective cation exchange
capacity (CECqg) and soil weathering index (ki values) were measured
according to the procedure described by EMBRAPA (1997). Non-
crystalline Fe (Feox) was determined by extraction with oxalic acid-
buffered at pH 3.25 from a 1:50 (w/v) soil:solution mixture, under dark
conditions as described in Pansu and Gautheyrou (2006). Crystalline
plus non-crystalline Fe (Feq) were extracted with dithionite-citrate-
bicarbonate, (1:25 w/v soil:solution ratio), as described by Pansu and
Gautheyrou (2006). Crystalline Fe (Fe.) was obtained by the difference
between Fey and Fe,. Oxides of Al, Mn and Ti were determined after
extraction with 1:1 (v/v) 98% sulfuric acid:water ratio, according to the
procedure described by EMBRAPA (1997). Iron, Al, Mn and Ti contents
were determined by atomic absorption spectrophotometer AAS

(AA240FS, Varian, USA). Particle size was determined using the modified
pipette method (Ruiz, 2005).

2.3. Sample digestion procedure

Total digestion was performed on a hotplate. Subsamples of 0.1000 g
were placed in 50 mL Teflon® vessel sand pre-digested at 60 °C for 3 to
6 h with 3 mL of 1:1 (v/v) nitric acid:H,0. Subsequently, 3 mL of
hydrofluoric acid (40% HF) and 1 mL of nitric acid (70% HNO3) were
added. The vessels were capped and the suspension was refluxed at
120 °C for 24 h. Several times during this digestion step, the vessels
were sonicated for 2 min in order to accelerate sample dissolution.
Following acid digestion, the vessels were cooled to room temperature,
opened, and the solutions were evaporated until near-dryness without
boiling. If some solid residue remained at the bottom of the vessel,
digestion was repeated (addition of 3 mL of 40% HF and 1 mL of 70%
HNOs) until a clear solution was obtained. Following this step, 1 mL of
nitric acid (70% HNOs) was added, and the vessels were capped, and
refluxed overnight to near-dryness without boiling. This step was
repeated three times. Finally, samples were diluted with 10 mL of 2%
(v/v) nitric acid solution, transferred to 15 mL flasks and stored under
refrigeration until analysis. Solutions were prepared using high purity
reagents and ultrapure Milli-Q water (Milipore, Milford, MA).
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Throughout the total digestion procedure, all Teflon® vessels, pipette
tips and polypropylene bottles used for analyses were cleaned accord-
ing to the procedures described by Gasparon (1998).

2.4. REEs determination

Rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu) and Sc and Y concentrations were determined by inductively
coupled plasma mass spectrometry (Thermo X7 ICP-MS). Samples
preparation and analytical procedures were performed according
to Eggins et al. (1997), except that Tm was not used as an internal stan-
dard. Certified samples W-2 and BIR-1 (U.S. Geological Survey Geo-
chemical Reference Materials) were analyzed together with the soil
samples at the beginning and the end of the run. The reference materials
were also used for calibration purposes. Precision (as relative standard
deviation) for the run, based on analyses of the duplicate extracts of
W-2 and BIR-1 was <3% for all elements. The detection limits (DL),
estimated according to Miller and Miller (1993) were <1.0 ng L™ for
all elements, except Sc (3.8 ng L™ 1). All sample digestion steps and
REEs analysis were carried out in the radiogenic isotope ultra-clean
(Class 100) laboratory of the School of Earth Sciences, UQ.

2.5. Quality control

The quality of analytical procedures was checked using a procedural
blank, a duplicate sample and a certified reference material-CRM
(LKSD-2 from Canadian Certified Materials Project) for every batch of
24 soil samples. Reproducibility was evaluated by RSD for duplicates
and CRM samples. Accuracy was determined by comparing the mea-
sured content with the certified value for CRM expressed as the percent-
age recovery (% R). Analyses of procedural blanks were lower than DL
for all REEs. Satisfactory reproducibility (% RSD <8) was achieved for
all elements in the CRM and duplicate sample. Accuracy of REEs for
CRM varied between 90% (Tb) to 106% (Ce).

2.6. Statistical analysis

Descriptive statistical parameters such as average, median, minimum
and maximum values, skewness, standard deviation (SDEV), median of
the absolute deviations (MAD) and relative standard deviation (% RSD)
were calculated from the geochemical dataset. Each soil property dataset
was assessed in terms of median, minimum and maximum values.
Crust-normalized REE patterns were used to evaluate REEs fractionation
in topsoil and subsoil. Pearson's correlations analyses were performed to
provide an overview on the relationships between REEs and chemical
and physical soil properties. Assumptions on the geochemical data
normality were evaluated using the Kolmogorov-Smirnov test (p < 0.05).
A square root-transformation for the geochemical data was applied in

order to reduce asymmetry of the empirical distribution and to approx-
imate a normal distribution model. Threshold values and REE back-
ground concentrations were determined by analyzing topsoil and
subsoil data together. In this case, we opted for using bulk data (topsoil
an subsoil sample together) because the data set thus obtained includes
more samples and because the differences in REEs content between
topsoil and subsoil samples were relatively small. Empirical cumulative
probability normal plots (Q-Q normal plot) were used as a preliminary
tool to identify multiple populations and geochemical data that lie outside
the expected distribution range. Boxplot upper and lower inner fence of
each square root-transformed uni-elemental data subset was used as the
cut-off level for the outlier values, as well as to determine threshold values
and define the background for REEs (Reimann et al., 2005). The upper

inner fence and lower inner fence are defined, respectively, as: vxi>

V(p75) + 1.5 (/(p75)—+/(p25) ) and /x;<\/(p25)—1.5( \/(p75)—
(p25) ) being x; the outlier cut-off value, and p25 and p75 the 25th
and 75th percentile of the distribution.

3. Results
3.1. Soil properties

The chemical and physical analyses revealed a wide variability of
properties among the different soil samples (Table 1). Overall, topsoil
and subsoil samples showed a relative enrichment in Fe, Mn and Al
oxides, low CEC.s and loamy-sandy particle size. On average, clay con-
tent was higher in subsoil samples. Soil pHy,0 were almost similar in
both sample types and, in general, was acidic. The average contents of
organic matter were high (>4.5%) and predominantly higher in topsoil
samples. Soil ki values (<2.2) indicated that most of the soil samples,
both topsoil and subsoil, are highly weathered.

3.2. Distribution and fractionation of REES in soils

Descriptive statistical parameters for Sc, Y and REEs content calcu-
lated for topsoil and subsoil are summarized in Table 2, together with
the abundance of REEs in world soil (WS) (Bowen, 1979) and Upper
Continental Crust (UCC) (Taylor and McLennan, 1995) for comparison.

The average content of REEs, Sc and Y was similar in topsoil and sub-
soil samples. The REE average content were slightly higher in subsoil
compared to the topsoil samples, except for Eu (Table 2). This trend
was also found for Sc and Y. Overall, the median REEs values in topsoil
and subsoil samples were lower than those reported for the WS median
(Bowen, 1979), whereas average values, solely for LREEs and Gd were
higher than those reported by UCC (Taylor and McLennan, 1995). The
average values also were higher than those reported by previous studies
in Brazil (Pérez et al., 1997). Average content of Sc and Y in topsoil and

Table 1
Chemical and physical soil properties.
pHH,0 Fe,® Feoy” Al,Os MnO TiO, clay OM° Ki¢ CECes

Topsoil gkg™! % cmol. dm—3
Average 55 32.16 0.83 10.60 0.06 0.88 33 5.66 1.49 5.77
Median 52 22.52 0.62 10.63 0.02 0.48 31 424 1.46 3.08
Minimum 39 0.20 0.02 0.41 0.00 0.01 0 0.51 0.16 0.46
Maximum 8.3 144.24 3.26 34.59 0.70 497 80 27.09 3.04 56.05
Subsoil
Average 53 40.31 0.74 12.42 0.06 0.77 39 4.86 143 3.90
Median 5.1 30.60 040 12.38 0.02 0.55 41 340 1.48 1.64
Minimum 43 0.00 0.02 0.69 0.00 0.05 4 0.28 0.18 0.25
Maximum 8.6 160.66 2.84 33.58 0.39 3.78 84 20.92 3.09 56.21
2 Crystalline Fe.

" Non-crystalline Fe.

¢ Organic matter.

4" Soil weathering index.
e

efFective cation exchange capacity.
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subsoil samples were lower than those reported for the WS median and
by UCC. Only median Sc values in both soil samples were higher than
those reported for the WS median. LREEs account for 93% of the total
REE content determined in topsoil and subsoil, indicating that LREEs
are more abundant in soils than heavy rare earth elements (HREEs:
Gd to Lu), just as they are in the earth's crust (Laveuf and Cornu, 2009).

Soils that developed from alkaline igneous rocks showed the highest
average content of REEs, followed by sedimentary rocks, unconsolidated
clay sediments, metamorphic rocks, basic igneous rocks, unconsolidated
sand and silt sediments, and acid igneous rocks (Fig. 3). With the excep-
tion of Tb, where the highest values were found in Luvissolos (Luvisols),
the highest average REE contents were found in the Vertissolos (Vertisols)
and Nitossolos (Nitosols) (Fig. 4) developed from sedimentary and meta-
morphic rocks, respectively, whereas the lowest REE content were found

Table 2

in Plintossolos (Plinthosols), Planossolos (Planosols) and Espodossolos
(Podzols) (Fig. 4) developed mostly from sandy sediments, metamorphic
rocks and acid igneous rocks. These results are in agreement with findings
from Earl-Goulet et al. (1997), Pérez et al. (1997) and Hu et al. (2006).
In this study, REE abundances in soil types decreased, generally, in
the following order: Vertissolos (Vertisols) > Nitossolos (Nitosols) >
Cambissolos (Cambisols) > Latossolos (Ferralsols) > Neossolos (Arenosols
and Leptosols) > Luvissolos (Luvisols) > Gleissolos (Gleysols) > Argissolos
(Acrisols) > Plintossolos (Plinthosols) > Planossolos (Planosols) >
Espodossolos (Podzols).

REE normalized patterns varied significantly within each geological
formation, except for soils derived from alkaline igneous rocks (Fig. 5).
In general, REE normalized patterns of topsoils and subsoils derived
from these rocks are characterized by LREE enrichment (Fig. 5e and

Descriptive statistical parameters for Sc, Y and rare earth elements (REEs) content in topsoil and subsoil samples together with the abundance these elements in world soil (WS) and Upper

Continental Crust (UCC).

Element (mg kg~ ') n? Average Median Minimum Maximum Skewness SDEV® MAD® % RSDY WS median UCC average
Sc 7.00 16.00
Topsoil 76 11.578 9.131 0.556 46.622 137 9.41 5.87 81.29

Subsoil 67 12.816 9.974 0.724 53.397 1.61 10.08 5.42 78.69

Y 40.00 24.00
Topsoil 77 17.834 13.808 0.027 67.786 1.16 13.11 7.28 73.52

Subsoil 67 18.112 15.746 3.233 44.492 0.55 10.25 8.23 56.62

La 40.00 30.00
Topsoil 77 38.084 29.998 0.103 197.631 1.93 35.75 18.02 93.87

Subsoil 67 40.993 33.132 3.479 167.861 1.72 33.55 15.69 81.84

Ce 50.00 64.00
Topsoil 77 87.129 69.745 0.228 418.759 2.06 80.64 39.01 92.55

Subsoil 67 99.932 81.610 8.186 541.512 2.65 94.94 37.74 95.00

Pr 7.00 7.10
Topsoil 77 8.157 6.442 0.022 38.812 1.67 7.27 4.42 89.11

Subsoil 67 8.581 7.108 0.612 38.353 1.73 6.77 3.74 78.88

Nd 35.00 26.00
Topsoil 77 27.340 22.999 0.077 114.427 1.52 23.75 13.78 86.88

Subsoil 67 28.480 24.167 2.091 117.721 143 20.97 13.07 73.65

Sm 4.50 4.50
Topsoil 77 5.225 4474 0.013 21.601 1.25 4.24 2.65 81.21

Subsoil 67 5.342 4.657 0.463 22.472 1.49 3.82 2.58 71.49

Eu 1.00 0.88
Topsoil 77 1.050 0.631 0.002 6.372 244 1.21 0.46 11491

Subsoil 67 1.038 0.776 0.081 6.800 3.17 1.03 0.43 99.51

Gd 4.00 3.80
Topsoil 77 3.929 3.448 0.008 15.841 1.26 3.08 1.83 78.49

Subsoil 67 3.971 3.617 0.517 14.643 1.21 2.60 1.71 65.53

Tb 0.70 0.64
Topsoil 77 0.600 0.515 0.001 2.227 1.11 0.44 0.29 73.25

Subsoil 67 0.613 0.568 0.113 1.969 0.97 0.37 0.24 60.18

Dy 5.00 3.50
Topsoil 77 3.337 2.752 0.005 12.010 1.05 239 1.56 71.76

Subsoil 67 3.426 3.055 0.712 9.781 0.77 197 1.37 57.54

Ho 0.60 0.80
Topsoil 77 0.651 0.526 0.001 2.334 1.04 0.47 0.28 71.77

Subsoil 67 0.670 0.610 0.141 1.650 0.59 0.38 0.25 56.47

Er 2.00 2.30
Topsoil 77 1.834 1.511 0.002 6.303 0.95 1.29 0.81 70.17

Subsoil 67 1.902 1.584 0.427 4.201 0.54 1.06 0.81 55.82

Tm 0.60 0.33
Topsoil 77 0.280 0.224 <0.001 0.891 0.84 0.19 0.11 68.59

Subsoil 67 0.293 0.239 0.071 0.665 0.63 0.17 0.12 56.48

Yb 3.00 2.20
Topsoil 77 1.807 1.462 0.002 5.630 0.86 1.21 0.70 66.75

Subsoil 67 1.902 1.557 0.507 4.360 0.69 1.05 0.69 55.43

Lu 0.40 0.32
Topsoil 77 0.274 0.215 <0.001 0.845 0.88 0.18 0.10 65.61

Subsoil 67 0.290 0.229 0.082 0.682 0.77 0.16 0.10 55.07

WS world soil from Bowen (1979); UCC upper continental crust from Taylor and Mclennan (1995).

Number of samples.
Standard deviation.
Median of the absolute deviations.

a
b
c
4 Relative standard deviation.
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f) and a positive Eu anomaly. Only one topsoil and subsoil sample
showed an anomalous pattern with relative enrichment in Tm, Yb
and Lu.

In contrast, the REE normalized patterns of topsoils and subsoils
derived from acid igneous rocks are characterized by a depletion in
REEs, positive Ce and Sm anomalies, and a negative Eu anomaly
(Fig. 5a and b). Only one subsoil sample shows a non-fractionated
normalized pattern close to unity. The patterns of soils developed
from basic igneous rocks are close to unity and either enriched or de-
pleted in HREE, with either positive or negative Ce and Eu anomalies
(Fig. 5c and d).
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Soils developed from metamorphic rocks have very variable REE
normalized patterns (Fig. 5g and h), with the majority of samples
showing normalized values close to unity, a slight HREE depletion, and
either positive or negative Eu anomalies. In contrast, sedimentary
rocks and unconsolidated clay sediments show little or no LREE/HREE
fractionation and normalized patterns close to unity. Some sample
have a clear Ce positive anomaly, and subsoils are generally more
depleted in HREE relative to topsoils (Fig. 5i to I). Normalized patterns
of unconsolidated sands and silts are variable, with some samples
close to unity, some showing significant REE depletion, and some LREE
fractionation relative to HREE (Fig. 5m and n).
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Fig. 3. Boxplots of Sc, Y and REEs in bulk sample (topsoil and subsoil samples) according to parent material. AIR acid igneous rocks (n = 5); BIR basic igneous rocks (n = 12); AR alkaline
rocks (n = 6); MR metamorphic rocks (n = 52); SR sedimentary rocks (n = 19); UCS unconsolidated clay sediment (n = 14); USS unconsolidated sand and silt sediment (n = 36).
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3.3. Correlation analysis

Tables 3 and 4 show the linear Pearson's correlation coefficients
between soil properties (OM, clay, Fe, Feox, Al, Mn and Ti oxides, ki,
pHH,0 and CEC.) and Sc, Y and REEs for topsoil and subsoil samples,
respectively. The correlation analysis varied according to types of soil
samples (topsoil e subsoil) and chemical element.

The Fe,y, MnO and TiO, content in topsoil samples showed significant
correlation with all elements analyzed (Table 3). Likewise, OM, Fe;,
Al,03, CECesr, clay and ki values showed significant correlation
with most elements. However, soil pHH,0 showed few significant
correlations.

For subsoil samples, only Fe,, contents showed significant correlation
with all elements, although Fe.,, OM, TiO,, clay, Al,03 and CTCg correlat-
ed significantly with most of the elements (Table 4). The soil pHyz0 and
MnO content showed significant correlations with some LREEs and Gd,
and Sc, respectively. The ki values did not show significant correlations.

3.4. Data distribution patterns and outlier detection

The average values were higher than the median values, even as
SDEV values were higher than the MAD for all REEs, indicating an asym-
metric data distribution pattern for both topsoil and subsoil samples
(Table 2). Moreover, the high positive skewness values suggest that
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individual REE datasets were strongly right-skewed and that they did
not follow a normal distribution model. According to the Kolmogo-
rov-Smirnov test, none of the original variables showed a normal distri-
bution (p < 0.05 for all REEs). The relative standard deviation (% RSD)
values were high for all REE, particularly for LREEs (La to Eu) and Sc
(Table 2).

The graphical inspection of original data distribution for all REEs in
the Q-Q normal plot shows clear deviations from a normal distribution,
with the possibility for at least two populations, together with some
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obvious data outliers (data not shown). Boxplots detected 53 outlier
values in the dataset, due to 16 anomalous soil samples (Table 5). Six
of these samples derived from different soil orders (Cambissolos and
Neossolos), but from the same parent material, namely alkaline rocks
that have outlier values for all REEs except Sc (Table 5). Six anomalous
samples of Latossolos and Cambissolos, derived from sedimentary
rocks and unconsolidated clay sediments, have outlier values for La
and Ce. Finally, two anomalous samples of Latossolos, derived from
basic igneous rocks, and two samples of Latossolo and Argissolo derived

Y
*
60
*
8 *
40
* A
20 =
E E
0
Ce
600
*
4001 % %
*
*
200
. i
s=f gped
0 -]
Nd
120 x *
*
*
80
40 E H
a8
0 =]
Eu
*
*
6
==
i ¥
% *
2 a H
B8 gf
0 8
¢c E F G L NP R S§ T V

Fig. 4. Boxplots of Sc, Y and REEs in bulk sample (topsoil and subsoil) according to soil types. Soil type according to the Brazilian system of soil classification (EMBRAPA, 2006) and its
equivalent in the World Reference Base for Soil Resources (IUSS, 2006) in brackets. C = Cambissolo (Cambisols); E = Espodossolo (Podzols); F = Plintossolo (Plinthosols); G = Gleissolo
(Gleysols); L = Latossolo (Ferrosols); N = Nitossolo (Nitosols); P = Argissolo (Argisols); R = Neossolo (Arenosols and Leptosols); S = Planossolo (Planosols); T = Luvissolo (Luvisols);

V = Vertissolo (Vertisols).
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from metamorphic rocks, have outlier values for Sc and Eu, and Sc, La, Ce
and Eu, respectively.

3.5. Background determination

After identifying and removing outlier data, a new data subset was
prepared for background determination. The use of square root-trans-
formation reduced the deviation between average and median, and
SDEV and MAD of each uni-element data (Table 6), and had better sym-
metry compared to the respective raw data (Table 1). In addition, statis-
tical test for normality showed that the square root-transformed uni-
element data subsets were normally distributed for all REEs (p > 20),

except for Yb and Lu which do not strictly follow a normal distribution
model. The boxplot of each square root-transformed uni-element data
subset did not show any outlier value. Finally, threshold values were
determined and the range of background variability for each REE was
defined (Table 6).

4. Discussion
4.1. Soil properties

Brazil is characterized by a large diversity of soil types, resulting
from the interaction of the different reliefs, climates, parent material,
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vegetation and associated organisms. The acidic character for most of
the soil samples with relative enrichment in Fe, Mn, Al and Ti oxides
and generally high weathering rates (ki values <2.2) reflect conditions
typical of tropical soils. Effective cation exchange capacities are mostly
low, and are related to depletion of major cations, mainly alkaline and
alkaline earth elements. Soil texture is dominated by clay (with pre-
dominance of kaolinite and iron oxides) and quartz-sand, with only
minor amounts of silt. Similar characteristics were observed in previous
studies in Brazilian soils (Matschullat et al., 2012; MINEROPAR, 2005;

Topsoil

Paye et al., 2010). According to Tyler (2004 ) these soil properties are im-
portant factors influencing adsorption, solubility, vertical transport and
amount of REEs in soils.

4.2. Distribution and fractionation of REES in soils
In our study, REE content varied significantly within and among the

different parent materials due to soil formation factors. How a soil
develops at a specific site depends on the relative importance of various
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Fig. 5 (continued).

soil-forming factors (i.e. climate, parent material, vegetation and fauna
including man, topography, time). Furthermore, pedogenic processes
may have fractionated and redistributed these elements through
the weathering profile according to physical-chemical and biological
processes resulting in depletion in some parts of the soil profile and en-
richment in others (Laveuf and Cornu, 2009). However, the differences

between average values for the topsoil and subsoil samples (topsoil/
subsoil ratio) were relatively small. The high weathering stage of
most of the samples (ki values <2.2), similar clay and oxide contents
(mainly Mn), and little differences in the physical-chemical charac-
teristics (low pH and CEC) between topsoil and subsoil samples
were likely the main factors that influenced these results (Laveuf
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and Cornu, 2009; Middelburg et al., 1988; Minafik et al., 1998). In ad-
dition, is a indicative of soils do not disturbed by anthropogenic
activities.

Parent material was a determinant factor for the distribution of REE
contents, particularly for soils derived from alkaline rocks. Topsoils and
subsoils derived from alkaline igneous rock (all the alkaline rocks con-
sidered in this study were nepheline-syenites) showed the highest
REE contents and a enrichment of most REEs relative to UCC, indepen-
dent on the type of soil, weathering degree and soil physical-chemical
characteristics (Fig. 5e and f). These results may be explained by the
mineralogical composition of the parent material, principally by the
presence of accessory minerals rich in REEs and resistant to weathering
(Clark, 1984). In contrast with alkaline rocks, basic igneous rocks are
typically depleted in REEs. Thus, it could be expected that all soils de-
rived from basic igneous rocks would show REE depletion relative to
crustal abundances. However, the slight REE enrichment observed in
some of the soil samples derived from basic igneous rocks (Fig. 5¢c and
d) is due the characteristics of these soils (clayey and enriched in Fe
and Mn oxides) that are different of the others. Thus, weathering of
primary minerals in basalts releases REEs as well as Mn? ™" and Fe? ™
into the soil solution. These elements may be lost from the weathering

profile via the soil solution or can be incorporated, partially or totally,
into secondary minerals and/or precipitate as oxides. REEs can accumu-
late in these secondary phases through one or a combination of the
following mechanisms: coprecipitation, adsorption, surface complex
formation, ion exchange, and penetration of the lattice (Laveuf and
Cornu, 2009). In tropical soil conditions, coprecipitation with Fe and
Mn oxides and adsorption in clay minerals are the most frequent REEs
associations (Hu et al., 2006). Therefore, REEs associated with Mn and
Fe oxides and clay minerals are not easily leached into solution, whereas
silica and bases (Ca®*, Mg?™, K™ and Na™) are easily lost by leaching,
resulting in a relative REE enrichment in soils derived from these rocks.

Acid igneous rocks are usually enriched in REEs compared with basic
igneous rocks and, therefore, it can be expected that soils derived from
these rocks are also relatively enriched in REEs. However, most of
the soil samples derived from acid rocks did not show such REE
enrichement (Fig. 5a and b). This is largely due to the fact that quartz
is very resistant to weathering, and therefore may accumulate in soils
and act as a REE diluent, as also observed for other trace elements
(Hardy and Cornu, 2006). Moreover, if quartz remains in the soil, REEs
may be easily removed from the surface and percolate through the
soil profile, thus becoming more depleted in the topsoil and subsoil. In

Table 3
Correlation coefficient (r) between elemental content and soil properties in topsoil samples.
TOP oM Clay Fe. Feox Al,O5 MnO TiO, Ki pH CTCefr
Sc 0.60* 0.74* 0.94* 0.74* 0.76* 0.60* 0.80* —0.09N 021N 0.40*
Y 0.38* 0.46* 0.37* 0.49* 0.37* 0.63* 0.42* 0.33* 0.20N 0.38*
La 0.26"° 0.20N 021N 0.41* 021N 0.48* 0.38* 027" 0.26M° 027"
Ce 0.35* 0.28"° 0.32* 0.37* 0.31* 0.41* 0.49* 0.06"° 0.18"° 0.19N
Pr 031* 024N 0.26M 0.42* 0.24N° 0.56* 0.43* 0.31* 0.28* 0.32*
Nd 024N 021N 0.24N 0.38* 0.19" 0.57* 0.39* 0.37* 027" 0.34*
Sm 0.35* 0.31* 0.38* 0.50* 0.29* 0.67* 0.51* 0.33* 0.31* 0.38*
Eu 0.33* 023N 0.42* 0.44* 0.20N° 0.72* 0.62* 0.36* 0.31* 0.35*
Th 0.39* 0.42* 0.44* 0.54* 0.35* 0.71* 0.54* 0.34* 027N 0.42*
Gd 0.34* 0.34* 0.41* 0.52* 0.29* 0.72* 0.53* 0.36* 0.31* 0.42*
Dy 0.42* 0.47* 0.44* 0.54* 0.40* 0.68* 0.52* 0.31* 023N 0.40*
Ho 0.43* 0.49* 0.43* 0.52* 0.42* 0.64* 0.48* 0.29* 0.19% 0.38*
Er 0.43* 0.52* 0.40* 0.50* 0.44* 0.58* 0.44* 0.26"° 0.15" 0.34*
Tm 0.44* 0.54* 0.38* 0.46* 0.46* 0.51* 0.39* 021N 0.10N 0.30*
Yb 0.44* 0.54* 0.37* 0.44* 0.46* 0.48* 0.38* 0.18"° 0.07N 027N
Lu 0.43* 0.53* 0.35* 0.41* 0.45* 0.45* 0.36* 017" 0.06"° 0.26M

*Significantly at level of o = 0.05.
NS Not significant.
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Table 4
Correlation coefficient (r) between elemental content and soil properties in subsoil samples.
SUB oM Clay Fe. Feox Al,03 MnO TiO, Ki pH CTCef
Sc 0.65* 0.61* 0.90* 0.65* 0.56* 0.30* 0.67* —0.14M —0.08N 0.08N°
Y 0.34* 0.47* 0.32* 0.42* 0.38* 021N 023N 0.09N¢ 022N 0.33*
La 0.36* 0.22N% 0.36* 0.37* 017N 0.22N 0.43* 0.12N 021N 0.26"°
Ce 0.48* 0.31* 0.44* 0.41* 0.24N° 0.15M 0.50* —0.04N 0.05N° 0.09N°
Pr 0.35* 023 0.35* 0.36* 0.19"° 021N 0.41* 0.12N 0.24N° 0.29*
Nd 023N 0.18N% 0.26M° 0.29* 0.15N% 0.20M 0.34* 020N 0.30* 0.36*
Sm 0.28* 0.26"° 0.33* 0.34* 023" 0.22N 0.37* 0.15" 0.29* 0.34*
Eu 0.26"° 0.26"° 0.38* 0.29* 0.20N° 021N 0.53* 0.18"° 0.29* 0.32*
Tb 031* 0.40* 0.36* 0.40* 0.34* 0.25N 0.37* 0.14N 0.28* 0.36*
Gd 024N 0.29* 0.31* 0.34* 0.25"° 023N 0.35* 0.19" 0.32* 0.38*
Dy 0.37* 0.47* 0.37* 0.43* 0.40* 0.24N 0.36* 0.09N° 023N 0.33*
Ho 0.40* 0.50* 0.36* 0.43* 0.43* 0.22N 0.33* 0.05N° 0.20N° 031*
Er 0.42* 0.53* 0.35* 0.43* 0.46* 0.19N 0.30* 0.00N 0.15N 0.26"°
Tm 0.45* 0.55* 0.34* 0.43* 0.48* 0.15M 027" —0.05M 0.10 0.22N%
Yb 0.46* 0.54* 0.33* 0.42* 0.48* 0.13M 0.28"° —0.07™ 0.08"° 0.19"°
Lu 0.45* 0.53* 0.30* 0.40* 0.46* 0.10M 0.26M° —0.08Ns 0.07" 0.18"°

*Significantly at level of o« = 0.05.
NS Not significant.

this case, the processes of leaching and erosion have a stronger control
over REE distribution compared with relative enrichment due to
weathering. These processes may have contributed significantly to
REE depletion in most of topsoil and subsoil samples, especially LREE
depeletion as LREEs are more easily mobile compared with HREEs
during pedogenesis (Tyler, 2004).

UCC-normalized patterns of topsoil and subsoil samples developed
from unconsolidated sand and silt sediments also suggest that the pro-
cess of leaching and erosion predominates over the relative enrichment
(Fig. 5m and n) by weathering of primary and secondary minerals. In
this case, most of these soil samples show high amounts of quartz
sand and low content of organic matter (<2%), Mn and Fe oxides, in ad-
dition to a high weathering degree (ki values <2.2 for all samples).
Under such conditions, REEs released during weathering are not pre-
served in the soil through association with clay minerals and oxides.
In contrast, the patterns of topsoil and subsoil samples derived from
sedimentary rocks (Fig. 5i and j) and clay sediments (Fig. 5k and
1) suggest a relative enrichment of REEs. Overall, these soil samples
show high contents of clay, Fe and Mn oxides, as well as high values of
pH and CEC. According to Tyler (2004) and Laveuf and Cornu (2009),
these conditions favor REE retention in soils.

In general, the results obtained here show that the total content of
REE in topsoil and subsoil samples basically depend on the mineralogy
of the parent material, while the immobilization and fractionation of
individual REEs depend on the soil characteristics (mainly texture,
clay composition and physical-chemical characteristics) that are in
turn influenced by pedogenic processes. This explains the variability in
REE patterns of soils derived from the same parent material, and the
apparently contradictory REE patterns described in the literature for
geological samples derived from different kinds of igneous and meta-
morphic rocks. On the other hand, the most striking feature of the
behavior of REE in samples derived from sedimentary materials, partic-
ularly coarse-grained materials, is the uniformity of the REE patterns.
This indicates that the sedimentations process is very effective in
homogenizing REE distribution irrespective of the parent material
(Figueiredo, 1985).

The LREEs and HREEs anomalies in soils have been attributed to min-
eralogical composition and relative mineral stability in geogenic mate-
rials, as well as the properties of the different REEs in solution and
association with secondary minerals (Laveuf and Cornu, 2009; Xing
and Dudas, 1993). Therefore, it is probably the composition in primary
minerals and the interaction between REEs and secondary minerals
that accounts for differential mobilization of REE or group of REEs in
soils. Soils derived from rocks rich in feldspars and plagioclases display
a positive Eu anomaly, while micaceous soils can display either a posi-
tive or a negative Eu anomaly (Laveuf and Cornu, 2009). The same

comportment can happen for oxidic soils depending on soil pH (Cao,
et al,, 2001). According to Ma et al. (2002) amorphous or crystalline Fe
and Mn oxides tend to retain up to 70% of total Ce in soils, and soils
rich in these oxides may display a positive Ce-anomaly (Leybourne
and Johannesson, 2008; Xing and Dudas, 1993).

4.3. Correlation study

Clay and organic matter content, Fe and Mn oxide content, pH and
CEC are among the main soil properties influencing the content of
REEs in soils (Hu et al., 2006). However, the influence of soil properties
over the distribution of REEs may depend on the soil type, clay minerals,
chemical element and pedogenetic processes (Tyler, 2004). According

Table 5
Descriptive statistical parameters of uni-element data outliers according to parent
material.

Element (mgkg™') Outlier Average Median Minimum Maximum
Alkaline rocks
Y 1 67.785 67.785 67.785 67.785
La 4 151.548 144177 120.210 197.630
Ce 4 283.645 270.986 199.278 393.330
Pr 4 31.731 32.276 23.563 38.811
Nd 6 95.920 99.938 66.993 117.721
Sm 4 17.307 17.661 11.436 22.471
Eu 6 5.260 4917 4.159 6.800
Gd 2 15.242 15.242 14.642 15.841
Tb 1 2.226 2.226 2.226 2.226
Dy 1 12.010 12.010 12.010 12.010
Ho 1 2.333 2.333 2.333 2.333
Er 1 6.303 6.303 6.303 6.303
Tm 1 0.890 0.890 0.890 0.890
Yb 1 5.630 5.630 5.630 5.630
Lu 1 0.844 0.844 0.844 0.844
Basic igneous rocks
Sc 1 46.622 46.622 46.622 46.622
Eu 1 3.284 3.284 3.284 3.284
Metamorphic rocks
Sc 2 47.977 47.977 42.558 53.397
La 2 139.905 139905 135.130 144.680
Ce 2 405.607 405.607  269.702 541.511
Eu 1 3.512 3.512 3.512 3.512
Sedimentary rocks
La 122105 122.105 122.105 122.105
Ce 2 428.766  428.766  418.759 438.773
Unconsolidated clay sediment
Ce 3 282.072 279483  276.297 290.435

¢ Number of outlier values.
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Table 6
Descriptive statistical parameters of square root-transformed uni-element data subset.

Element (mg kg~ 1) Average Median MAD? SDEV® Skewness Threshold values Background range
VX VX VX VX VX VX (VX)?

Sc 3.135 3.065 0.98 1.26 0.12 0.745-6.310 0.555-39.816
Y 3.971 3.880 1.13 1.36 0.03 0.163-6.933 0.027-48.066
La 5.420 5.544 1.49 2.18 0.18 0.321-10.867 0.103-118.092
Ce 8.016 8.340 1.98 3.03 —0.22 0.477-15.588 0.228-175.748
Pr 2.562 2.548 0.77 1.06 0.13 0.149-5.239 0.022-24.030
Nd 4.639 4.696 137 1.85 —0.08 0.278-8.308 0.077-69.023
Sm 2.065 2113 0.66 0.82 —0.06 0.112-4.064 0.013-11.601
Eu 0.838 0.805 0.27 0.35 0.12 0.040-1.544 0.002-2.384
Gd 1.822 1.873 0.50 0.69 —0.06 0.091-3.475 0.008-10.602
Tb 0.726 0.730 0.17 0.26 —0.03 0.033-1.403 0.001-1.621
Dy 1.722 1.723 0.46 0.60 —0.03 0.071-3.127 0.005-9.145
Ho 0.762 0.750 0.20 0.26 0.01 0.030-1.327 0.001-1.761
Er 1.285 1.238 0.35 0.43 0.03 0.049-2.154 0.002-4.640
Tm 0.505 0.479 0.12 0.17 0.08 0.018-0.816 <0.001-0.666
Yb 1.296 1.230 0.30 0.40 0.26 0.432-2.088 0.187-4.360
Lu 0.506 0.469 0.11 0.15 0.31 0.174-0.826 0.030-0.682

2 Median of the absolute deviations.
b Standard deviation.

to Peng and Wang (1995) it is common for these factors to be partly as-
sociated with physical and chemical differences among soil horizons,
and to reflect variations in geochemical behavior and distribution
of REEs.

In the current investigation, contents of Fe, Min and Ti oxides, as well
as organic matter were the main variables significantly correlated with
the contents of REEs in topsoil (Table 3). The same correlations, with the
exception of Mn content, were observed in subsoil samples (Table 4).
This suggests that Mn oxides have little influence on the amounts of
REEs at depth, and that other clay minerals have a stronger control on
REE distribution in this horizon. This result corroborates Palumbo
et al. (2001) studies on the affinity of REEs to oxides, where it was
reported that Fe, Al and Mn (hydr) oxides can co-precipitate, adsorb
and incorporate various REEs in their structure, in amounts varying
with type (Wang et al., 2001), depth (Yan et al., 1999) and soil pH
(Hu et al., 2006), and sometimes without correlation with Fe and Mn
contents (Yan et al,, 1999). Organic matter can also retain significant
amounts of REEs, because it can complex, adsorb or chelate positively
charged REEs in amounts varying with the type, composition and
content of OM, soil pH and redox conditions (Pourret et al., 2007). The
adsorption of REEs increases with increasing soil pH and CEC values be-
cause the surface of soil particles charged with OH™ increases as the soil
pH increases, thus increasing CEC values. In addition, CEC is mainly
affected by the content and composition of clay, organic matter, and
weathering intensity of soils. Although the weathering index (ki values)
did not show significant correlation coefficients with most REEs in top-
soil samples, the REE pattern distributions (Fig. 5) already indicated that
the mobilization/immobilization of individual REEs in this horizon are
affected by weathering and leaching intensity. Similar results were
obtained by Minarik et al. (1998) and Middelburg et al. (1988) in their
studies of REE distribution during soil development processes.

4.4. Outlier detection and background determination

According to Reimann et al. (2005) outlier values must be removed,
especially if they can be grouped in a separate population, because they
result in changes of estimates of the descriptive statistics and may
potentially affect the asymmetry of the empirical distribution of the
elemental dataset. Therefore, the threshold values and the background
range were defined separately for these values (Table 6). The concept
of transforming data in order to reduce asymmetry of an empirical den-
sity distribution has been widely suggested in geochemical data analysis
(Campell, 1982; Sinclair, 1983). Log-transformation of data is the most
common numerical transformation used for geochemical or environ-
mental dataset (Reimann and Filzmoser, 2000). However, in this

study, the square root-transformed uni-elemental data subset better ad-
justed to the normal distribution compared to the log-transformation
(data not shown). The REEs data obtained in this study for topsoil
and subsoil is the first set of reference data for REEs distribution in
Brazilian soils. The data did not show evidence of anthropogenic influ-
ence at any of the selected sites, demonstrating that the site selection
was suitable for the establishment of reliable natural background data
at non-contaminated sites. It is therefore recommended that threshold
values and the range of the background variability determined in this
work be adopted as a preliminary regulatory reference for REEs in
Brazilian soils.

5. Conclusions

The average and median values for REE concentrations in Brazilian
topsoils and subsoils were lower than the world median and higher
than the average values reported by previous studies in Brazil. Never-
theless, REE concentrations are overall similar to those reported for
the Upper Continental Crust.

Total REE contents in topsoils and subsoils basically depend on the
parent material, while fractionation of individual REEs depend on soil
characteristics that are partly influenced by pedogenic process.

LREEs are more abundant than HREEs in both topsoils and subsoils,
and the distribution patterns of UCC-normalized REE contents show,
in general, significant LREE depletion.

Iron, Mn and Ti oxides, as well as organic matter were the main
variables significantly correlated with REE contents.

Cumulative probability normal (Q-Q Normal) plots and boxplots are
a powerful tool to discriminate different populations of samples, detect
outliers, and determine REEs threshold values and thus define their
range of background variability.
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