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Abstract: The La Mancha region is a primary food production area in central Spain, with extensive
zones used as vineyards. This article aims to present information about rare earth elements’ (REEs)
contents and deals with their distribution in two representative soil profiles (Alfisols) in this area.
The presence of carbonates and a semiarid climate are its main characteristic environmental factors.
Lanthanum (La), Cerium (Ce), Neodymium (Nd), Scandium (Sc) and Yttrium (Y) concentrations
were determined using X-ray fluorescence spectroscopy (XRF). The results revealed the following
maximum REEs’ contents (mg-kg'l): Ce 93.3, La 46.8, Nd 38.6, Y 25.5 and Sc 13.0. The REEs’
concentrations in the two soil profiles were in the following order: Ce > La > Nd > Y > Sc. The
application of fungicides and the addition of fertilisers in vineyards can increase the soil concentration
of rare earths up to this region’s normal background levels. According to the Geo-Accumulation
Index (Igeo), soil samples were non-contaminated or slightly contaminated by REEs.
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1. Introduction

It is generally understood that “soil contamination” refers to the presence in soil
of a chemical or substance that is out of place and/or present at a higher-than-normal
concentration that has adverse effects on any untargeted organism [1]. However, soil
pollution cannot often be directly assessed or visually perceived, and it is sometimes
controversial to establish its hidden origin.

Yaalon and Yaron [2] argue that human-induced changes in soil-forming processes
should be considered to be an integral independent factor. This should be included as
another recognised forming factor (the sixth one), termed metapedogenesis, which is the
result of anthropogenic activity in soil. In line with this, and in addition to soil genesis, con-
tamination processes can substantially deplete or enrich soil mineral metrics that originally
derived from parent material.

Rare earth elements (REEs) is a term used to name a group of elements that, according
to the International Union of Pure and Applied Chemistry (IUPAC), integrates a group of
15 elements with similar chemical characteristics from Lanthanum (La) to Lutetium (Lu),
as well as Scandium (Sc) and Yttrium (Y). Sc and Y are considered to be rare earth elements
since they tend to occur in the same ore deposits as the lanthanides and exhibit similar
chemical properties. Due to the similar chemical properties of their trivalent ions, they act
coherently in geochemical processes and are used as geochemical tracers [3,4], as well as in
soil genesis [5].

Several soil parent materials are natural sources of certain elements, such as rare
earth elements which, at high concentrations, can pose a risk to the environment and
human health. It has been stated that REEs’ contents in soils is largely influenced by
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bedrock and its physico-chemical properties [6]. However, in a broad sense, centuries of
anthropogenic activities have resulted in a widespread soil contamination problem around the
world [7-9]. The literature reports that REEs can be easily enriched by anthropic activities,
such as mining, fertilisers and industrial activity [10,11]. Using pesticides not only causes
environment impact [12] and heavy metals accumulation [13], but also increases the REE
accumulation in agricultural soils. In this way, the contamination potential depends on
dose and frequency of application and crops’ ability to accumulate these contaminants,
among other factors.

Bearing this fact in mind, it is worth wondering how we can discern one source or
another to the enrichment in certain REEs in soil; that is, what importance can the different
factors that may intervene in the enrichment/loss of these elements have? Therefore, the
objectives of this study were to explore the content of REEs in two representative soil
profiles in La Mancha (central Spain) and their distribution in vineyard land use to, in turn,
shed light on this frequently hidden problem.

2. Materials and Methods
2.1. Study Site and Soil Sampling

The study site was located in the Mancha region in the Ciudad Real province (central
Spain), (Figure 1). The area is far from cities and industrial operations, and agriculture is the
main activity there. Of the most widespread and representative crops, vineyards are worth
mentioning. It is also true that a potential mining deposit of REEs had been identified in a
relatively close area (approximately 30 km) which, for various reasons, was not operational.
The climate in this region is “dry Mediterranean"; the average annual temperature in
the area is 14 °C, with an average rainfall value of 450 mm per year. According to the
Koppen—Geiger classification, the climate in this region is of the Csa type, a “temperate”
climate, with a markedly dry summer.

Figure 1. Location map of study area and partial view of the vineyard landscape (Moral de Calatrava,
Ciudad Real).

The soil profiles examined in this study were part of the well-developed soil profiles
of the region, represented mainly by Alfisols, although Inceptisols and Entisols were also
present in large proportions [14]. The two soil profiles were dug from under land used as
vineyards (Figure 2), for full descriptions and sampling in January 2011.



116

Pollutants 2023, 3
(b)
Figure 2. Soil profile photographs. (a) Profile 1, (b) profile 2.
The main pedological features of the two investigated soil profiles are shown in Table 1,
along with their classification according to the FAO System [15] and Soil Taxonomy [16].
Table 1. General and pedological characteristics of the investigated soil profiles. Soil type according
to [15] and Soil Survey Staff 2014 [16].
Location Soil Type
Profile . Parent Material Slope Drainage Morphology (FAO/Soil
(Coordinates) T
axonomy)
Moral de Calatrava Quarcitic and . A Calcic Luvisol
1 38°43/47.6" (N) calcareous Shghtliol/nclmed Vxﬁ?g:iti}é AgEtC_Et/ (Profondic, Rhodic)/
03°35'06.4" (W) sediments ° Calcic Rhodoxeralf
Moral de Calatrava Flat Imperfect] Haplic Luvisol
2 38°43/23.7" (N) Fluvial sediments 1o, dlz'aine 4 y Ap-Bt-C (Profondic, Novic)/

03°34/50.3" (W) Typic Haploxeralf

2.2. Analytical Procedures

Soil samples were air dried at room temperature, homogenised and sieved (<2 mm).
Then, samples were pulverised with an agate mortar and pestle, and sieved again to sepa-
rate a 0.063 mm size to obtain a homogenous fraction with which REEs were associated (also
Ti and Zr elements). Portable X-ray fluorescence spectroscopy (XRF) was applied because
it has been used to study the contents of chemical elements in various media, particularly
soils [17,18]. pH was potentiometrically measured in 1:2.5 soil:water suspension, and in
KCI (1 mol/L) solution at the 1:2.5 rate [19]. Clay proportions were determined using the
hygrometer method [20]. Organic matter was determined via dichromate oxidation [21].
Finally, calcium carbonate was determined using a calcimeter [22].



Pollutants 2023, 3

117

3. Results and Discussion
3.1. General Parameters Data

The analytical data of the examined samples are presented in Table 2. The result
obtained from soil samples determined that the pH range was between 8.2 and 8.7 in Profile
1, and between 8.2 and 8.3 in Profile 2, which fall in the slightly alkaline soils category. Soil
electrical conductivity was a measure of soluble salt ions, with values of samples ranging
from 0.06 to 0.17 dS/m. Hence, there was no concentration of salts. Organic matter is an
important parameter that affects soil quality and agriculture sustainability; contents hardly
varies and is low at <2.9%, as befits a semi-arid region. In such regions, calcium carbonate
accumulation is a common process, and one frequently accompanied by argillic horizon
formation (especially at stabler levels). The contrasts observed along the two profiles in the
carbonate and clay contents determined the appearance of calcic and argillic horizons.

Table 2. Physico-chemical properties of the studied soil profiles.

. . Depth  pHH,0 pHKCl  CaCO, EC. oM. Cla .
Profile  Horizon " CM P2 Fios) (%) (dS/m) (%) ot Ti/Zx
Ap 0-12 82 75 8.0 0.12 29 122 119

Bt 12-42 83 75 55 0.09 13 38.2 124

1 Bt/Ck  42-81 8.6 79 30.7 0.15 02 314 132
Ck >81 8.7 7.8 407 0.14 0.0 36.2 162

Ap 0-31 83 7.7 0.8 0.08 19 142 145

2 Bt 314 82 74 36 0.06 13 322 127

C >74 82 7.4 102 0.17 02 322 15.1

3.2. Contents and Distribution of the Five REEs Analysed in Depth in the Two Soil Profiles

The average contents and vertical distributions of the REEs in two soil profiles are
presented in Figure 3; they specifically varied within ranges (expressed as mg-kg™): Ce
83.6—43.3, La 43.9-32.0, Nd 23.0-38.6, Y 19.2-14.8 and Sc 11.3-10.8 in one soil profile; Ce
93.3-83.3, La 46.8-41.7, Nd 16.2-13.3, Y 25.5-21.1 and Sc 13.0-8.0 in the other soil profile.
Vertically, REEs’ contents (except for Sc) tended to decrease in depth in both soil profiles;
that is, REEs’ contents in soil profiles decreased with the depth from surface horizons to
deeper horizons.

Several studies have shown that REEs’ contents in soils is influenced by parent ma-
terial, pedogenic processes and soil characteristics such as texture, organic matter and
clay mineralogy [4,23]. In the study case, as organic matter content was low in both soil
profiles, its effect seemed negligible. Clay content was very high. In addition, several
other sources can be involved in explaining the different REEs’ contents in soils. Aide and
Aide [5] stated that there are numerous pathways for REE migration that involve (1) plant
uptake; (2) erosion; (3) the leaching of REE inorganic complexes in percolating water;
(4) organic complexation, which may result in either REE mobilisation or immobilisation;
(5) lessivage (eluviation—illuviation of clay with co-adsorbed REEs); (6) the removal of REEs
from percolating water being attributed to precipitation reactions; (7) REE adsorption via
inorganic colloids (phyllosilicates and oxyhydroxides).

It has been revealed that REEs are mobile during soil formation and weathering
processes [6,24]. For this reason, the degree of the uniformity of the pedological materials
in soil profiles was first established. In this way, the use of stable minerals (or the chemical
elements they contain) are considered to resist weathering in soils, and have been used to
estimate the degree of uniformity material. In this sense, Alexander et al. [25] and Chapman
and Horn [26] proposed Zr and Ti. The results that appear in Table 2 suggest a similar
Ti/Zr ratio in each profile and, therefore, allochthonous contribution was irrelevant [27].
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Figure 3. Vertical variation in REE concentration in each soil profile.

From the obtained results, it can be established that there was an appreciable degree
of uniformity between the soil materials in each profile. Specifically, in Profile 1, they
varied between 11.9 and 16.2, and between 12.7 and 15.1 in Profile 2. However, the slight
enrichment in certain horizons should partially be attributed to the incidence of a mixture
of parent materials (rocks) with different contents. If we bear in mind that REEs can be
absorbed in soils through clay type and content [286-32], then the preferential accumulation
observed in more clayey horizons (Bt type) can be justified. Moreover, as the soil pH values
for all of the samples were neutral to moderately basic, this could contribute to REEs’
immobility and accumulation (as originally assumed). This statement agrees with Aide
and Smith, [33], who investigated Paleustoll soils in south-central Texas and observed that
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some REEs’ concentrations were higher on argillic horizons than on surface horizons. They
proposed that the clay fraction on the argillic horizon accumulated these REEs.

In light of this, the most important anthropogenic source of REEs entering soil for
some authors has been associated with the manufacture and use of organic and mineral
(especially phosphate) fertilisers [29,34,35]. Thomas et al. [4,36] revealed that a wide REE
distribution depended on the application of REE-based pesticides and fertilisers while
performing farming activities. So, in addition to natural factors, anthropogenic activities
can also significantly influence REE distribution, especially on surface and subsurface
horizons (Ap and Bt types). REEs are extensively applied in fertilisers given their function
of improving crop quality and yields [29]. Thus, in agricultural areas, the external entrance
of the main REEs can be caused by applying phosphate fertilisers [37,38]. This is an
accepted notion that can occur because the composition of phosphatic rocks can present
high REE concentrations.

The superimposition of allochthonous materials against differentiation by both weath-
ering and pedogenetic processes imposes an extra difficulty for interpreting contrasting
distributions of elements throughout a profile [39]. This is the case for Profile 2, located in
the middle of a river valley.

Therefore, the distribution patterns of the REEs in the present study suggest that parent
material and pedogenesis are more important factors than using REE-based fertilisers in
the study area because fertilisers are probably used at low doses.

3.3. Environmental Evaluation

In order to evaluate possible REE contamination in the studied soils, the Igeo was
determined for each sampling point using the equation described by Miiller et al. [40]:

Cs

Teeo = Logy——
8¢€0 = L0875 By

where Igeo is the geo-accumulation index; Cs is the measured concentration of REEs in soil
and Bn is the background REE level. Factor 1.5 was used to correct possible variations in
the background values. The regional geochemical background level established by Jiménez
Ballesta et al. [41] was employed in the calculations. Igeo is classified as class 0 (Igeo < 0)
non-contamination, 1 (0 < Igeo < 1) slight contamination, 2 (1 < Igeo < 2) low contamination,
3 (2 < Igeo < 3) moderate contamination, 4 (3 < Igeo < 4) heavy contamination, 5 (4 < Igeo < 5)
high contamination and 6 (Igeo > 5) extreme contamination.

The contamination assessment (Table 3) showed none or slight enrichment in the REEs’
contents of topsoils (Nd and La), which was why the ecological risk associated with REE
contamination was considered to be nil or low.

Table 3. The Igeo values obtained for each horizon.

Profile Hor. Ce Nd La Y Sc
Ap —0.10 0.16 0.22 —0.56 —1.63
Bt —0.15 0.10 0.19 —0.65 —1.61
1 Bt/Ck —0.78 —0.45 —0.21 —0.84 —1.67
Ck —1.05 —0.58 —1.34 —0.94 —1.66
Ap —0.01 —1.37 0.18 —0.41 —-2.10
2 Bt 0.05 —1.09 0.31 —0.16 —1.40
C —0.11 —1.34 0.15 —0.43 —1.52

Pedogeochemistry studies about soil-REE contamination related to agricultural inputs
are relatively scarce, especially when compared with studies for some environmental trace
elements [42,43]. Therefore, this work represents a new contribution in this line.
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4. Conclusions

Exploring REEs’ distributions in soil profiles is essential for understanding how natural
and anthropogenic factors influence REEs” geochemical behaviours. This study examined
the data of two representative soil profiles in La Mancha (central Spain) and revealed
differences between the two profiles (and in vertical distribution) in total REE terms. The
following maximum REEs’ contents were found (expressed as mg-kg™'): Ce 93.3, La 46.8,
Nd 38.6, Y 25.5 and Sc 13.0. The REEs’ concentrations in the two soil profiles depend on the
composition of source rocks, weathering and other pedological processes (e.g., increased
clay content). It was found that the REEs’ concentrations in the upper soil horizons were
higher than in deeper soil horizons, which were probably affected by the application of
fungicides and the addition of fertilisers to vineyards. Nevertheless, based on the Igeo, soil
samples appeared to be either non-contaminated or slightly contaminated with REEs.
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