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ABSTRACT

The intense chemical weathering processes that lead to the formation of laterites and bauxites result in the
enrichment of critical metals (Sc, V, Co, Ga, Ge, Nb, In, Hf, Ta, W, and REEs), which are of great economic
interest and are directly involved in the manufacture of various devices essential for the technology transition.
This work focuses on combined geochemical and scanning transmission electron microscopy (STEM) studies of
lateritic palaeosols developed in continental profiles (Lower Cretaceous, NE Iberia) in order to evaluate the
distribution and concentration of critical metals and their possible relationship with weathering processes. In this
study, we show that during the process of laterization the highest weathering produces the highest critical metal
concentrations (reaching concentrations of 1914.80 ppm in the lateritic palaeosols and 926.30 ppm in the fer-
ruginous macropisoids). Concentrations normalized to the upper continental crust (Taylor and McLennan, 1985)
indicate that both the lateritic palaeosols and the macropisoids are enriched in LREEs (256.81 and 223.01 ppm,
respectively) and HREEs (107.11and 110.53, respectively). In the lateritic palaeosols, the (La/Sm)c values are
higher than those of (Gd/Yb)c, indicating that the LREEs exhibit higher fractionation with weathering, whereas
the opposite occurs for the macropisoids, in which the HREEs have higher fractionation. These data indicate that
the HREEs are less mobile than the LREEs during laterization. The critical metals present a good positive cor-
relation with Fe, Ti, and Al, but a good negative correlation with K. STEM images and EDS analyses allowed us to
identify REE-phases (including monazite, xenotime, and La, Ce and Nd oxides) and nanoparticles of gold
adsorbed on the surface of kaolinite crystals. This shows not only that during the laterization process Fe and Ti
oxides act as scavengers for the critical metals, but also that kaolinite controls their distribution.

1. Introduction

polluting vehicles, as well as several devices essential for the technol-
ogy transition (Linnen et al., 2014; Reinhardt et al., 2018).

Modern society’s growing need for raw materials to face its tech-
nological needs is expanding the range of metals used in various in-
dustries. Special attention is now focused on critical metals, i.e., those
metals whose economic importance is gradually increasing, but whose
supply may undergo fluctuations due to economic or political factors,
making them susceptible to shortages in the future (Gunn, 2014;
Chakhmouradian et al., 2015).

The latest report on critical raw materials for the European Union
(European Commission, 2023) includes the rare earth elements (REEs),
Sc, V, Co, Ga, Sr, Nb, Hf and Ta, as critical metals. These metals are
crucial in the green energy, aerospace, medical, automotive, and elec-
tronic industries. Within these industries they have numerous applica-
tions, in many cases related to the manufacture of components involved
in the generation of renewable energies and the production of non-
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The intense chemical weathering processes that lead to the formation
of aluminium-rich rocks (e.g., laterites and bauxites) can produce
enrichment in relatively immobile elements such as REEs, Nb and Ga,
among others (Gunn, 2014; Yuste et al., 2017; Yang, M. et al., 2019,
Yang, S. et al., 2019). For this reason, considerable attention has
recently been paid to laterites and bauxites as potential sources of crit-
ical metals, since they can contain critical metal concentrations of eco-
nomic interest (Gunn, 2014; Yuste et al., 2017; Yang, M. et al., 2019,
Yang, S. et al., 2019). However, the abundance of these elements will
depend on the palaeogeography, bedrock, climate, drainage, and the pH
and redox conditions that prevailed during the formation of these rocks
(Mongelli et al., 2017). Variations in the content of critical metals can
also occur between deposits of the same age and even within the same
deposit, both horizontally and vertically (Mameli et al., 2007; Yuste
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et al., 2017; Yuste et al., 2020).

Usually, most of the critical metals are correlated with the Al content,
with aluminium hydroxides and kaolinite controlling their distribution
(Abedini et al., 2022; Mongelli et al., 2021). Some authors link REEs to
detrital phases inherited from the parent rock (Maksimovic and Panto,
1991), while others suggest that REEs can be adsorbed on mineral sur-
faces in the form of ions (Linnen et al., 2014). Furthermore, REE frac-
tionation during weathering can also take place through the formation
of authigenic REE minerals (Maksimovic and Panto, 1991). Undoubt-
edly, research into the minerals hosting the critical metals in laterites
and bauxites is essential for designing effective extraction strategies in
the future. However, detailed research into clay-minerals to infer their
role in the accumulation of critical metals is still lacking. Therefore, this
work aims to conduct geochemical analysis in conjunction with a
scanning transmission electron microscopy (STEM) study of lateritic
palaeosols. The research has two main goals: 1) to evaluate the con-
centration of major, minor and trace elements in the different lateritic
levels and ferruginous macropisoids and their relationship with the in-
tensity of the weathering; and 2) to determine what form the critical
metals take in the lateritic palaeosols, and the role of clay minerals in the
distribution of these metals within the lateritic levels and the ferrugi-
nous macropisoids.
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2. Description of the palaeosol samples

The samples come from palaeosols that developed on four Lower
Cretaceous (early Barremian) continental profiles (ALC, VE, JO, and
EST) located in the SE part of the Iberian Range (NE Iberia) (Fig. 1a). A
previous characterization of these materials by X-ray diffraction (XRD),
optical microscopy, field emission scanning electron microscopy
(FESEM), and energy-dispersive analyses was performed by Laita et al.
(2020).

According to our previous work, the palaeosols can be classified as
laterites and they developed in situ through the chemical weathering of
lacustrine mudstones and marlstones. The lower levels of the profiles are
formed of red clays (RC) containing abundant ferruginous pisoids and
macropisoids, whereas the middle and upper levels correspond to ochre
and violet clays/marls (OVC) with few or no pisoids (Fig. 1b and c).

The mineralogical composition of the lateritic palaeosols reported by
Laita et al. (2020) can be found in the Supplementary Materials (Fig. S1
and Table S1). The palaeosols are composed of calcite, quartz, clay
minerals, hematite, goethite, orthoclase, anatase, rutile, ilmenite, and
diaspore. The RC samples contain abundant kaolinite, whereas
kaolinite, smectite (beidellite-type), illite and illite/smectite mixed
layers are identified in the OVC. The macropisoids are formed of

Facies
Fibrous-radial calcite nodules with pisoids

Limestone nodules with pisoids

E Palustrine-lacustrine limestones E’(Wﬂh pisoids)
B Red clays R it sisics)

|:| Ochre clays/marls E’ (with pisoids)
- Violet clays/marls
ALC

Fig. 1. a) Simplified geological map of the NE Iberian Peninsula including the location of the studied profiles (green star), b) the four stratigraphic profiles including
sample location, c) field view of the red clays (RC) and the ochre and violet clays/marls (OVC). Modified from Laita et al. (2020). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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hematite, goethite, ilmenite, quartz, calcite, and kaolinite (deduced by
FESEM analyses) (Fig. S1, Table S1). FESEM images are included in the
Supplementary Materials (Fig. S2). The images revealed the authigenic
origin of kaolinite and beidellite, as well as the detrital origin of illite
and quartz. No evidence of halloysite and/or amorphous phases were
detected (Laita et al., 2020). The matrix of the RC and the OVC was
cemented by microsparite and sparite during the early diagenesis (see
Fig. S2c and d). This diagenesis could also generate micritic nodules and
sparitic-microsparitic intraclasts that are observed in the OVC (Laita
et al., 2020). Therefore, calcite in the palaeosols has a diagenetic origin,
but this diagenesis did not alter the authigenic clay minerals (Laita et al.,
2020).

An upward decrease in the authigenic kaolinite and pisoid contents
towards the top of the profiles, coinciding with an increase in detrital
quartz and illite and the presence of authigenic beidellite, reflects a
decrease in the chemical weathering intensity related to a change from
warm and humid to cooler and drier conditions (Laita et al., 2020,
2023).

3. Methods

A total of 30 samples from different lateritic levels included in the
four profiles described by Laita et al. (2020) were selected for this study:
17 correspond to red clays (RC), 8 to ochre and violet clays/marls
(OVQ), and 5 to macropisoids (Fig. 1).

Chemical analyses of major and trace elements in bulk samples were
performed at Actlabs Laboratories (Canada). Major elements and some
trace elements (V, Sr, Ba, Sc, Be) were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES). Fused samples
(lithium metaborate/tetraborate fusion) were rapidly digested in a weak
nitric acid and run on a combination of simultaneous/sequential
Thermo Jarrell-Ash ENVIRO II ICP or a Varian Vista 735 ICP. Calibration
was performed using seven prepared USGS- and CANMET-certified
reference materials (see Table S2 in the Supplementary Materials).
One of the seven standards was used during the analysis for every group
of ten samples. The detection limit for the major elements was 0.01%
(except for MnO and TiO; with detection limits of 0.001%).

The rest of the trace elements were analysed by inductively coupled
plasma mass spectrometry (ICP-MS). Fused samples were diluted and
analysed by a Perkin Elmer Sciex ELAN 6000, 6100, or 9000 ICP-MS.
Three blanks and five controls were analysed per group of samples.
Duplicates were fused and analysed every 15 samples. The detection
limit for each trace element is indicated in brackets: Cr and Ni (20 ppm),
Co, Rb, and Zr (1 ppm), Y (0.5 ppm), Nb (0.2 ppm), Cs and Hf (0.1 ppm),
Th, La, Ce, and Nd (0.05 ppm), U, Pr, Sm, Gd, Tb, Dy, Ho, Er, and Yb
(0.01 ppm), Lu (0.002 ppm), and Eu and Tm (0.005 ppm).

The micritic nodules and sparitic-microsparitic intraclasts included
in the OVC (Laita et al., 2020) may be causing the content of CaO of the
OVC samples to be higher (Table 1). Nevertheless, as mentioned above,
the carbonate in the lateritic samples has a diagenetic origin and thus, it
does not have a genetic relationship with the lateritic palaeosols (Laita
et al., 2020), so the CaO values obtained by ICP-OES are reported for
each sample but are not considered in this study.

Major and trace elements have been normalized by Upper Conti-
nental Crust values (UCC) of Taylor and McLennan (1985). Trace ele-
ments have also been normalized by chondrite values of Taylor and
McLennan (1985). When values are normalized to the UCC, the subscript
N is used, whereas the subscript c is used for those values normalized to
chondrite (e.g., (La/Sm)c).

To evaluate the degree of chemical weathering within the samples,
the chemical index of alteration (CIA) and the Weathering Index of
Parker (WIP) were calculated. The Index of Compositional Variability
(ICV) was also determined to measure the abundance of alumina relative
to other major cations in the samples (see Table S3 in the Supplementary
Materials).

The CIA and WIP index were calculated by adapting the formulae
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proposed by Nesbitt and Young (1982) and Parker (1970), respectively,
using molecular proportions of the following oxides: CIA = Al;O3/
(Al,03 + Nay0 + K30) * 100 and WIP = ((2*Na0/0.35) + (Mg0/0.9)
+ (2*K20/0.25) + (Ca0/0.7)) * 100. The ICV was calculated by
adapting the formula of Cox et al. (1995): ICV = (FepO3 + K20 + NayO
+ CaO + MgO + MnO + TiO3)/Al»0s3.

Using the software systat13, two correlation matrices were obtained
for the mineralogical and geochemical data for the red clays plus the
ochre and violet clays/marls (n = 25), as well as for all the clays (RC +
OVC) and the macropisoids together (n = 30). For the correlation matrix
of the red clays and the ochre and violet clays/marls (n = 25), the
correlation coefficients show a significance level of 0.01 for r = 0.49 and
of 0.001 for r = 0.60. For the correlation matrix of all the clays and the
macropisoids together (n = 30), the correlation coefficients show a
significant level of 0.01 for r = 0.45 and of 0.001 for r = 0.55.

In order to determine how the critical metals are in the lateritic
palaeosols and the role of clay minerals in their distribution, six red clays
(those with a higher critical metal content) were analysed by scanning
transmission electron microscopy (STEM). The study was performed
using a F30 TEM, using a HADDF detector and equipped with an energy-
dispersive spectroscopy (EDS) system in the Advanced Microscopy
Laboratory of the University of Zaragoza, Spain. The accelerating
voltage was 300 kV with a beam current of 92 uA. For this study, <53
pm fractions of the samples were extracted. With these samples, sus-
pensions of clay and pure ethanol were prepared and deposited on
carbon-coated copper grids. The images were taken using the scanning
mode (STEM), which helped to visualize the phases containing REEs and
other metals.

4. Results
4.1. Major element geochemistry

Si, Al, and Fe concentrations account for most of the content in the
samples (Table 1). On average, the Si content of the RC and the OVC is
quite similar to each other (34.31 and 33.35%, respectively). The Al, Fe,
and Ti content decreases from the RC (Al = 20.19%; Fe = 11.81%; Ti =
1.20%) to the OVC (Al = 7.16%; Fe = 3.44%; Ti = 0.56%). By contrast,
the OVC present a higher K (1.06%) and Mg (0.79%) content than the RC
(K = 0.24% and Mg = 0.37). The macropisoids present quite high Fe
content (32.31%) and more than twice as much P content as the clays
(macropisoids = 0.17%; RC and OVC = 0.06%).

When the data are normalized to the composition of the UCC, an
enrichment in Fe, Mn, and Ti is observed in the RC, the OVC, and the
macropisoids (Fig. 2a). The RC are also enriched in Al. In contrast, the
OVC are somewhat enriched in Si, and the macropisoids are also
enriched in P. All the samples are depleted in Mg, Na, and K, although
the impoverishment in Mg and K is less noticeable in the OVC.

According to the Fep03-Aly03-SiO, diagram of Aleva (1994)
(Fig. 2b), the RC can be classified as laterites, kaolinites, and ferritic
kaolinites, whereas the OVC are classified as ferritic kaolinites and
kaolinites.

Plots of the CIA, WIP and ICV values vs. critical metal content in ppm
are presented in Fig. 3. The average CIA values of the red clays from the
lower levels of the profiles are higher (RC = 99-98) than those of the
ochre and violet clays/marls from the middle and upper levels (OVC =
77-90), whereas the opposite occurs with the average WIP values, which
are higher in the ochre and violet clays marls (RC = 1-10 and OVC =
6-24) (see also Table S3 in the Supplementary Materials).

The critical metal content is higher when the CIA values are higher
and the WIP values are lower (Fig. 3a and b). By contrast, there is not
such a clear difference in the average ICV values tendency (RC =
0.20-2.5 and OVC = 0.60-1.10) and no relation with the content of
critical metals is observed (Fig. 3c).



Table 1

Chemical composition of the red clays (RC), ochre and violet clays/marls (OVC), and macropisoids. Major elements in weight per cent (wt%) and trace elements in parts per million (ppm). Subscript ¢ = concentrations in

ppm normalized by chondrite values of Taylor and McLennan (1985).

Outcrop  Sample Sample Si0, Al,O3 Fe;03 MnO MgO CaO NayO KO TiO, P2Os Sc Be V. Cr Co GaGe As Rb Sr Zr Nb Mo In SnSb Cs Ba Hf Ta W ) Critial metals (excluding
clasification labbel (@) REEs)
ALC RC ALC-1 32.67 25.63 19.65  0.069 0.27 2.66 0.03 0.08 1.204 0.04 28 8 341 170 31 41 23 27 5 68 2762432 02 9 3.11.8150 7.4 231 4.9 485.51
ALC-2 37.41 29.13 14.03  0.035 0.28 0.75 0.03 0.14 1.604 0.06 30 8 247 220 21 43 2.3 18 10 74 390 36.3 <2 0.2 11 2.3 3.538 10.8 3.13 6.5 402.53
ALC-3 35.68 27.1 19.49 0.085 0.42 0.62 0.03 0.15 1.618 0.06 34 10 342 200 30 46 2.1 21 12 69 468 36.54 0.2 10333656 119 3.177 516.17
ALC-4 22.8 16.2 19.73 0.045 0.18 17.94 0.02 0.05 0.982 0.05 196 33914010 29 25 23 3 61 2622222 01 7 381 57 7 1.86 5.6 440.06
ALC-5 35.39 19.67 2.39 0.051 0.29 17.65 0.03 0.21 1.158 0.05 16 4 50 2002 21 1.2 < 10 97 309255<201 7 093444 86 2164 131.46
5
ALC-6 39.05 8.67 5.03 0.082 0.41 23.23 0.03 0.45 0.696 0.04 112 83 1606 1409 6 15 123386 1415 < 5 1.13235 9.7 1.52 3.1 144.42
0.1
ovC ALC-7 43.69 6.86 2.54 0.053 0.48 23.89 0.03 0.52 0.65 0.02 8 2 56 1401 10 0.8 < 17 134432114<2< 3 1 3745 10.41.152.9 102.65
5 0.1
ALC-8 39.82 8.55 3.94 0.043 0.68 23.11 0.02 0.68 0.679 0.03 9 2 73 1303 131 7 23 172375137 <2< 3 225967 9.3 1.28 3.1 128.58
0.1
ALC-9 48 6.84 3.86 0.043 0.7 19.81 0.03 0.93 0.658 0.03 8 2 61 1503 11 1.2 6 31 160444 11.6 <2< 4 2 6.2216 10.9 1.24 3.2 113.14
0.1
VE RC VE-1 36.13 27.66 14.52  0.039 0.3 1.64 0.04 0.11 1.575 0.06 28 9 236 190 26 36 2.3 27 8 80 34331.3 <202 103 2842 94 291 6.3 381.41
VE-2 38.72 27.95 2.76 0.014 0.34 8.56 0.04 0.11 1.568 0.05 196 60 1705 2519 < 8 93 351341<201 10162577 9.6 297 5.8 165.07
5
VE-3 42.81 29.23 9.63 0.028 0.43 0.42 0.05 0.15 1.729 0.06 27 8 174 290 26 36 2.7 18 8 105434 39.3 <2 0.1 11 2.4 2432 11.9 3.32 6.8 329.52
VE-4 48.55 13.07 4.13 0.04 0.79 13.79 0.03 0.98 0.947 0.05 133 59 2207 17 1.5 < 30 155441204 <20.1 5 155134 11.41.8 4.1 136.8
5
VE-5 27.12 10.44 3.38 0.071 0.52 29.07 0.02 0.31 0.634 0.02 112 49 1602 1509 < 9 113265141<2< 4 112122 7 117 2.7 103.97
5 0.1
VE-6 24.9 10.01 3.28 0.062 0.48 29.48 0.02 0.28 0.614 0.04 102 55 1201 1407 < 8 11025013.1<201 4 111725 6.7 1.16 2.7 105.56
5
VE-7 35.98 25.64 18.34  0.088 0.38 0.42 0.04 0.11 1.545 0.07 329 299 21043 43 2.7 37 8 89 3663392 02 10352268 10.1 291 6.6 476.91
ovC VE-8 19.87 4.42 1.81 0.065 0.77 37.93 0.03 0.84 0.358 0.04 5 1 38 80 < 6 05 6 25 36118775 <2< 2 1428148 49 0.61 2.1 66.01
1 0.1
VE-9 14.5 3.09 1.31 0.063 0.79 41.52 0.04 1.02 0.2 0.07 3 < 30 40 < 4 < < 29 58890 39 <2< 1 0.3 2.3 26802 0.3 1 445
1 1 05 5 0.1
JO RC JO-1 32,5 25.96 24.29 0.07 0.37 0.23 0.04 0.2 1.58 0.09 37 8 356 32014 33 26 21 8 1164753474 02 104 2527 127 2.76 6.2 503.16
ovC JO-2 26.18 8.12 4.45 0.095 1.06 28.78 0.04 1.15 0.575 0.14 103 86 11010 12 0.6 8 50 14119812 <2< 2 054886 4.7 0.83 1.5 138.13
0.1
EST RC EST-1 22.45 10.44 24.05  0.325 0.27 17.9 0.03 0.24 0.644 0.1 196 19718051 21 1.5 68 18 72 197 142 <201 3 143198 51 1053 31435
EST-2 29.34 15.16 5.29 0.035 0.24 22.47 0.03 0.31 0.904 0.08 18 3 108 150 12 18 0.9 21 24 90 22519.8 <20.1 4 054767 6.2 1.49 2.4187.39
EST-3 41.75 21.19 10.77  0.056 0.32 6.53 0.04 0.22 1.411 0.07 24 4 186 270 22 29 2.2 24 20 14135530 <201 6 134690 9.4 24357 312.13
ovC EST-4 32.98 9.86 5.06 0.084 0.71 23.49 0.04 0.96 0.684 0.08 122 97 17013 131 26 52 165237 145<20.1 3 0753178 6 1.05 2 160.35
EST-5 41.74 9.56 4.52 0.034 1.14 19.33 0.06 2.39 0.708 0.09 102 53 1604 13 1.2 5 10018129414 <2< 4 176 145 8 1.22 2.9 109.02
0.1
Macropisoids 11.35 4.42 29.15  0.395 0.23 27.24 0.01 0.04 0.318 0.12 146 30890 42 16 1.2 42 2 47 14578 2 01 3 510539 36 0494 40229
10.12 5.31 25.11  0.359 0.21 30.06 0.02 0.04 0.368 0.09 135 25980 33 161 36 1 51 12781 <201 2 350435 3 06 3.2 3405
9.61 29 11.17 0.195 0.17 39.26 0.01 0.050.21 0.09 8 3 13370 16 1005 20 2 53 10952 <2< 2 190613 29 03 191797
0.1
16.8 4.2 52.34 0.301 0.64 15.68 0.04 0.48 0.24 0.3 8 42 25312027 11 05 24 18 8 85 49 17 0.1 1 3 13392 22 04 3.7 3138
14.6 5.43 43.79  0.492 0.32 14.88 0.02 0.03 0.404 0.26 14 8 444 10063 1914 70 1 43 17992 7 02 3 7.70338 4.6 0.67 3.8 567.57
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Outcrop Sample Sample TI Bi Th U Ni CuZn Ag PbY La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LOI Y REE ) LREE ) HREE (La/ (Gd/ (La/ ) Critial
clasification labbel Sm)c Yb)e Yb)c metals
ALC RC ALC-1 0.18 0.8 23.4 3.21 90 50 160 0.5 42 58.3 39.8 83.8 6.65 24.8 5.32 1.29 6.41 1.17 7.73 1.65 4.73 0.69 4.43 0.677 16.1 247.45 87.08 79.38 4.71 1.17 6.07 732.96
ALC-2 0.33 0.6 25.9 3.52 80 50 120 1.3 28 90.4 62.8 86.7 9.81 35.1 7.42 1.79 9.69 2 13.1 2.68 8.01 1.15 7.39 1.17 15.61 339.21 201.83 12590 5.33 1.06 5.74 741.74
ALC-3  0.38 0.6 26.2 5.15 120 50 180 1.4 39 113 70.8 105 12.7 48.6 10.9 2.67 13.2 2.66 17.6 3.66 11 1.61 10.3 1.6 15.38 425.30 248.00 161.43 4.09 1.04 4.64 941.47
ALC-4  0.14 1.1 20.6 2.75 50 30 80 0.9 47 67.5 45.8 51.3 7.71 30.1 5.93 1.42 7.36 1.26 7.74 1.6 4.64 0.645 4.15 0.664 22.85 237.82 140.84 88.20 4.86 1.44 7.46 677.88
ALC-5 0.16 0.3 175296 40 2040 1 14 72.1 72.7 123 13.1 50.4 9.38 2.08 9.44 1.52 8.88 1.81 5.33 0.747 4.75 0.762 23.48 376.00 268.58 95.90 4.88 1.61 10.34 507.46
ALC-6 0.17 0.2 12.6 28250 30 40 1.2 18 84.6 80.7 102 14.8 59.5 11.6 2.47 11.9 1.84 10.8 2.18 5.97 0.796 4.93 0.793 23.48 394.88 268.60 111.91 4.38 1.96 11.06 539.30
ovC ALC-7 0.13 0.2 11.5299 20 20 < 1.4 11 57.2 53.5 82.6 10.9 42.1 8.41 1.71 8.26 1.38 8  1.58 4.52 0.658 4.15 0.64 22.16 285.61 197.51 78.13 4.00 1.61 8.71 388.26
30
ALC-8 0.17 0.3 11.4 276 30 < < 1.1 12 54.9 53.4 81.7 10.8 41.9 8.28 1.64 8.02 1.27 7.61 1.46 4.44 0.618 3.95 0.639 23.08 280.63 196.08 74.89 4.06 1.65 9.14 409.21
10 30
ALC-9 0.24 0.1 11.829420 10 < 1.3 9 49.850.9 75.1 9.67 37.4 7.08 1.37 7.13 1.13 6.77 1.37 4  0.586 3.72 0.597 19.64 256.62 180.15 67.97 4.53 1.55 9.25 369.76
30
VE RC VE-1 0.27 1.1 23.83 90 40 110 0.8 31 99.9 51.6 70.7 7.59 27.9 6.2 1.6 8.66 1.77 12.4 2.67 7.66 1.11 6.76 1.03 16.3 307.55 163.99 133.30 5.24 1.04 5.16 688.96
VE-2 0.26 0.6 21.6 298 40 10 50 1.1 14 93.6 60 101 9.61 36.2 7.23 1.57 8.73 1.68 11.3 2.49 7.42 1.08 6.74 1.01 19.77 349.66 214.04 125.32 5.22 1.05 6.02 514.73
VE-3 0.25 0.8 27 4.2 100 20 120 1.3 25 148 181 274 35.4 137 25.4 5.3 23 3.53 20.2 3.97 11.8 1.63 10.3 1.52 15.74 882.05 652.80 200.95 4.49 1.81 11.87 1211.57
VE-4 0.34 0.3 16328130 < 40 1.4 13 74 66.9 99.2 13.4 50.7 9.51 2 9.76 1.66 9.72 1.96 5.72 0.804 5.1 0.793 18.48 351.23 239.71 99.76 4.43 1.55 8.86 488.03
10
VE-5 0.13 0.2 11.2 22230 10 50 0.9 14 55852 75 10.3 39.6 7.92 1.57 7.38 1.2 6.83 1.39 4.09 0.569 3.59 0.531 29.18 267.77 184.82 74.00 4.13 1.67 9.79 371.74
VE-6 0.07 0.2 10.9 2.49 30 10 50 0.8 13 51.6 49.6 74.3 9.54 37.4 7.3 1.52 7.34 1.16 6.66 1.37 3.87 0.556 3.43 0.536 30.02 256.18 178.14 69.18 4.28 1.73 9.77 361.74
VE-7 0.23 0.9 25.2 41 150 60 190 1.1 33 263 306 395 59.2 238 44.3 9.44 41.9 5.93 32.5 6.45 17.9 2.4 13.8 2.07 16.1 1437.89 1042.50 344.05 4.35 2.46 14.98 1914.80
ovC VE-8 018 < 717184 < < < 0.6 8 31.431 45.8 6.28 25.1 4.77 0.912 4.66 0.76 4.38 0.85 2.48 0.352 2.27 0.361 33.14 161.38 112.95 42.85 4.09 1.66 9.23 227.39
0.1 20 10 30
VE-9 016 < 408094 < < < < < 18416.5 289 3.8214.7 3.21 0.65 3.06 0.46 2.61 0.51 1.4 0.195 1.28 0.197 35.55 95.89 67.13 25.05 3.24 1.94 8.71 140.39
0.1 20 10 30 05 5
JO RC JO-1 0.35 0.8 27.7 58 70 10 80 1.6 69 175 193 195 34.3 135 24.5 5.38 23.1 3.69 21.5 4.22 12 1.65 10.5 1.58 13.16 840.42 581.80 230.14 4.96 1.78 12.42 1343.58
ovC JO-2 0.3 0.1 81322140 10 60 0.6 13 59.9 46.6 69.5 9.75 40.6 8.26 1.73 8.06 1.28 7.17 1.4 4.09 0.542 3.38 0.514 28.58 262.78 174.71 78.28 3.55 1.93 9.32 400.91
EST RC EST-1 0.24 0.3 10.8 2.04 90 20 130 0.6 26 90.4 86.4 87.9 15 59.3 12 2.71 123 1.9 10.3 2.03 5.73 0.791 4.82 0.733 23.66 392.31 260.60 116.70 4.53 2.07 12.11 706.66
EST-2 0.26 0.2 12.6 1.78 50 10 60 0.7 26 38.4 60.8 65 7.99 29.2 5.27 1.14 5.01 0.82 5.04 0.99 2.99 0.458 3.12 0.501 26.07 226.73 168.26 52.32 7.26 1.30 13.17 414.12
EST-3 0.29 0.5 19.8 296 50 20 80 1.1 36 62.8 72.7 94.2 11.6 43.2 7.5 1.61 7.43 1.29 8.11 1.62 4.97 0.717 4.86 0.801 17.56 323.41 229.20 85.17 6.10 1.24 10.11 635.54
ovC EST-4 0.31 0.2 9.75 21240 20 60 0.7 14 52.1 52.5 80.2 11.2 43.5 8.46 1.79 7.81 1.24 7.17 1.39 3.84 0.525 3.58 0.555 25.43 223.76 195.86 70.40 3.91 1.77 9.91 436.21
EST-5 0.44 0.1 12.7 2.63 20 50 50 0.9 11 32.1 41.3 74.7 9.15 33.9 6.4 1.18 5.63 0.92 5.38 1.02 3.18 0.468 2.99 0.479 21.19 186.70 165.45 46.54 4.06 1.53 9.33 327.82
Macropisoids 0.12 0.8 5.96 2.6580 50 110 < 25 85.2 88.1 120 17.7 73.7 15.1 3.27 15 2.07 10.8 2  5.82 0.759 4.48 0.693 27.23 444.69 314.60 111.82 3.67 271 13.29 846.98
0.5
0.06 0.3 51 3.06 90 40 100 < 20 94.1 77.8 87.4 13.6 55.9 11.2 2.62 12.3 1.78 9.83 1.94 5.23 0.669 4.05 0.608 26.93 379.03 245.90 118.21 4.37 2.46 1298 719.53
0.5
< 0.2 4.89 1.86 50 20 60 < 15 77.8 54.6 48 9.2538.6 85 1.9 9.68 1.41 7.95 1.55 4.13 0.546 3.32 0.537 34.89 267.77 158.95 97.24 4.04 2.36 11.11 447.47
0.05 0.5
< 0.2 49817850 20 50 < 16 73.8 48.1 74.7 9.97 42 9.05 2.36 10.8 1.63 8.66 1.67 4.41 0.56 3.5 0.56 9.15 291.77 183.82 94.79 3.35 250 9.29 605.57
0.05 0.5
0.05 0.8 7.46 4.75 130 60 180 0.5 27 100 59.8 77.7 12 51.2 11.1 2.64 13.7 2.11 12.1 2.4 6.54 0.917 5.65 0.877 20.45 358.73 211.80 130.59 3.39 1.97 7.15 926.30
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3: Bauxitic Kaolinite
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Fig. 2. a) Average content of major elements normalized to the UCC, b) Fe;03-SiO»-Al,03 diagram of bauxite chemical classification (Aleva, 1994). RC = red clays,
OVC = ochre and violet clays/marls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. Geochemical and transmission electron microscopy study of the
critical metals

The RC and the macropisoids present higher average concentrations
of critical metals (752.49 and 709.17 ppm, respectively) than the OVC
(337.49 ppm) (Table 1).

Fig. 4 shows the concentrations of critical metals, according to the
European Commission (2023), normalized to the UCC. Yttrium presents
a high positive correlation with the HREEs (r = 0.97), which may
indicate a similar behaviour that can be related with the fact that
yttrium has similar ionic radius to that of the heavier REEs (e.g., hol-
mium). For this reason, yttrium was considered along with the HREEs.
The RC are enriched in all the critical metals, this enrichment being
clearly higher in Sb (Fig. 4a). By contrast, the OVC are enriched in Sb,
Hf, W and REEs, but depleted in the rest of the critical metals. Similarly,
the macropisoids are enriched in certain metals (Sc, V, Co, In, Sb, W and
REEs) and depleted in Ga, Ge, Nb, Hf, and Ta.

Both the RC and the macropisoids present higher average concen-
trations of LREEs (RC: 301.81 ppm and macropisoids: 223.01 ppm) and

HREEs (RC: 129.04 ppm and macropisoids: 110.53 ppm) than the OVC
do (LREE: 161.23 ppm and HREE: 60.51 ppm). Chondrite-normalized
REE patterns show that in the four stratigraphic profiles (Fig. 5a-d)
and in the macropisoids (Fig. 5e), the LREE fractionation is higher than
the HREE fractionation. By contrast, the HREEs in the ALC and EST
profiles (Fig. 5a-b) show an almost horizontal slope, whereas in the VE
and JO profiles and the macropisoids a slightly decreasing trend is
observed in some samples (Fig. 5¢-d). The (La/Sm)c average values (RC:
4.90; OVC: 3.93; macropisoids: 3.76) and the (Gd/Yb)c average values
(RC: 1.53; OVC: 1.71; pisoids: 2.40) show that the RC exhibit higher
fractionation of the LREE than the OVC and the macropisoids, whereas
the latter exhibit higher fractionation of HREE than the clays (Fig. 5f).

The correlation coefficients obtained from the correlation matrix are
represented in Table 2. All the critical metals (except the LREEs) show a
significant correlation with Al (r = 0.49-0.98), Fe (r = 0.53-0.94,
excepting Hf: 0.27), Ti (r = 0.53-0.99), and Th (r = 0.53-0.97). Nb, Sb,
Hf, Ta, and W also present a good correlation with Zr (r = 0.52-0.99). On
the other hand, all the critical metals (except Co, Sb, Hf, and the REEs)
show a significant but negative correlation with K (r = (—0.54)-



E. Laita et al.

1200
BLREE
1000 |  WHREE .
@ Critical elements (excluding REE)
» 800
=
[}
=]
£ 400 =
©
2
S 400 E
I
g g ondi el
[}
§ g ] = u ﬁll
70 80 90 100
CIA
1200
1000 | ©

Critical metals
D (o]
S S

N
o
S

N

8
%
Cal=!

o=

mEm
et

mm

[ Jal=

0
0 10 20 30
WIP
1200
1000 =
0 800
=
[
[ |
Ego | -
©
P B o
S 400 y -
g u =
] =
200 | O -
=
4 % . =
0
0 1 2 3
ICV

Fig. 3. Plot of CIA (a), WIP (b) and ICV (C) values from the red clays and ochre
and violet clays/marls of the four profiles vs. their average critical metal con-
tent in parts per million (ppm). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(-0.62)).

When the five samples of macropisoids are included in the correla-
tion matrix, V, Co, and Sb no longer show a significant correlation with
Al (r = 0.10-0.34), but they do with P and Mn (r = 0.45-0.74). Both
LREEs and HREEs show a significant correlation with Al (r = 0.45-0.55),
Ti (r = 0.49-0.58), and Th (r = 0.50-0.59), but not with Fe (r =
0.17-0.33). Nb, Hf, Ta, and W still present a good correlation with Zr (r
= 0.61-0.99), and some elements (Sc, V, Co, Ga, In, W) maintain a
negative correlation with K ranging from r = —0.48 to r = —0.56.

The correlation coefficients between the critical metals and the
mineral phases present in the samples (Table 2) show that all the ele-
ments (except Hf and the LREEs) have a significant positive correlation
with kaolinite (r = 0.49-0.88) and a significant negative correlation

Applied Clay Science 249 (2024) 107264

with the illitic phases from r = —0.48 to r = —0.70. Some elements also
show significant correlation with other minerals: Sc, Ga, Nb, In, Ta, and
W with diaspore (r = 0.48-0.61); Sc, V, Co, Ga, Ge, In, Sb, and W with
hematite+goethite (r = 0.49-0.84); Sc, Nb, and Ta with anatase+rutile
(r = 0.49-0.56); and Sc, V, Co, Nb, In, LREEs, and the HREEs with
ilmenite (r = 0.50-0.66).

Again, when the macropisoids are included in the correlation matrix,
some changes are detected. V, Co, and Sb no longer show a good cor-
relation with kaolinite (r = 0.13-0.37). More elements (Sc, Ga, Ge, Nb,
Hf, Ta, and W) present a significant correlation with diaspore (r =
0.48-0.69). The same elements (except for W) also have a significant
correlation with anatase+rutile (r = 0.45-0.67). By contrast, hema-
tite+goethite shows a correlation with V, Co, In, and Sb (r = 0.47-0.81),
as does ilmenite with V (r = 0.44) and the LREEs (r = 45).

STEM images show the presence of single nanoparticles and/or ag-
gregates of nanoparticles up to 100 nm in size. The detected elements
are not hosted by the clay structures, but form discrete phases adsorbed
on the surface of pseudohexagonal kaolinite crystals (Fig. 6).

These phases are smaller in size than the electron beam of the mi-
croscope, implying that the EDS analyses came from mixtures of these
phases. The absence of stoichiometry in the chemical data of these
particles (Table 3) may be due not only to the fact that the spot size of
the TEM is higher than the REE-phases analysed, but also to the exis-
tence of solid solutions between them (Hay et al., 2013).

The EDS analyses make it possible to identify LREEs and HREEs (such
as La, Ce and Nd and Y) that are forming phases with compositions close
to monazite (CePO4) and xenotime (YPO4). The LREEs are also forming
La, Ce and Nd oxides (Table 3). The STEM study also allowed zircon to
be identified (enriched in yttrium).

The monazite-type phosphates present La (6.64) and Ce
(8.41-25.5%) contents that are close to those of the theoretical monazite
(La = 14.46%, Ce = 29.17%, Nd = 12.01%), although they do not
contain Nd. By contrast, the xenotime-type phosphates present lower
contents in Y (3.01-18.25) than the theoretical xenotime (Y = 48.35%)).
The analysed REE-oxides show compositions between lanthanum oxide
(Lay03), cerium oxide (cerianite, CeO2), and neodymium oxide (Nd203).

5. Discussion
5.1. Major elements and weathering processes

In the ALC and EST profiles, samples with higher Si content also
present higher proportions of quartz and correspond to the OVC. The
higher Si content of the RC in the VE profile is related to the fact that
some lateritic levels located in the middle parts of this profile also
contain quartz. By contrast, the Si content in the RC from the JO profile
(sample JO-1) may proceed from kaolinite, since this sample contains
almost no quartz (see the Supplementary Materials). Whatever the case,
the Si concentrations normalized to the UCC showed an enrichment in
the OVC and a depletion in the RC (Fig. 2a), indicating that in general
there is an increase in the Si content towards the top of the profiles.

UCC-normalized data showed that the RC are enriched in Al and that
the highest Al contents are in those RC levels with higher kaolinite and
diaspore contents. In the same way, the higher Fe content in the RC is
related to the higher goethite and hematite content of these samples and
the higher Ti content in the RC also reflects the higher content of Ti
oxides (rutile, anatase, and ilmenite) compared to the OVC (see Table 1
and Table S1). This difference in TiO5 was not reported previously by
Laita et al. (2020) since the contents in these phases were below the
detection limit of XRD. Likewise, the enrichment in Mn probably reflects
the presence of Mn-rich minerals that were not previously detected by
XRD, especially in the macropisoids, where the Mn content is higher.
Mn-oxyhydroxides and oxides such as asbolane, lithiophorite, and hol-
landite have previously been described in other laterites from Australia
and Venezuela (e.g., Lottermoser, 1990; Domenech et al., 2022). Ac-
cording to Tupaz et al. (2021), these Mn-oxyhydroxides are difficult to
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Fig. 4. a) Average critical metal (from Sc to W, excluding REEs) values normalized to the UCC, b) average REE values normalized to the UCC. RC = red clays, OVC =
ochre and violet clays/marls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

identify by conventional X-ray powder diffraction since they are fine-
grained and poorly crystalline in nature. The higher K and Mg content
of the OVC is related to the presence of illitic phases and beidellite in
these samples, whereas the higher Fe content of the macropisoids re-
flects a higher presence of hematite and goethite.

The Si content of the samples comes from quartz and the clay min-
erals. According to Laita et al. (2020), the quartz and illite present in the
lateritic palaeosols are of detrital origin, so the occurrence of these
minerals could increase the Si content of the palaeosols. The presence of
Si proceeding from detrital quartz and illite, whose contents are higher
in the ochre and violet clays/marls, may have caused these samples to be
classified as kaolinites, when they most probably correspond to laterites

or ferritic kaolinites (Fig. 2b).

In general, CIA values from 50 to 75 indicate muscovite, illite,
smectite, and feldspar compositions, reflecting moderate weathering
conditions, whereas CIA values close to 100 reveal more intense
weathering, resulting in the genesis of kaolinite (Fedo et al., 1995;
Bauluz et al., 2000; Bahlburg and Dobrzinski, 2015). By contrast, the
optimum weathered valued for the WIP index is O (Price and Velbel,
2003). In our samples, the RC showed an average CIA value of 98 and
average WIP value of 3, which are closer to 100 and 0, respectively,
comparing with the average CIA and WIP values obtained for the OVC
(CIA = 85 and WIP = 12). The absence of a clear tendency in the ICV
values reflects that there is no relation between the abundance of
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Fig. 5. Chondrite-normalized REE + Y patterns of the lateritic samples in the ALC (a), EST (b), VE (c) and JO (d) profiles and of the macropisoids (e). Plot of the
average (La/Sm)c vs. (Gd/Yb)c values in the red clays and the ochre and violet clays/marls of all the profiles, and the macropisoids (f). RC = red clays, OVC = ochre
and violet clays/marls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

alumina and other major elements in the lateritic palaeosols.

The CIA values of the four profiles decrease towards the top, and this
decrease is most pronounced in the VE profile (see Table S3 in the
Supplementary Materials), which coincides with a higher content of
illite in the OVC of this profile, reflecting a greater detrital influence
related to a lower degree of weathering. In this case, the Si from the
detrital phases has not prevented a decrease in CIA values being
observed towards the top of the profiles, corroborating the decrease in
the intensity of chemical weathering described by Laita et al. (2020).

5.2. Concentration and distribution of critical metals

5.2.1. Critical metals and weathering intensity

The higher the CIA value and the lower WIP value, the higher the
content of critical metals in the lateritic palaeosols (Fig. 3a and b),
indicating that the concentration of critical metals increases with
weathering. However, a previous study on nearby Lower Cretaceous
karst bauxites (Yuste et al., 2017) reported a loss of all REE + Y during
the transformation of clays into pisolitic bauxites, reflecting the fact that
very intense chemical weathering processes (i.e., bauxitization) could
trigger a depletion in REEs.

In this study, the fractionation of the LREEs was higher in the RC
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Correlation coefficients (r) from the correlation matrix obtained from the mineralogical and geochemical data of the lateritic samples (n = 25) and of the lateritic
samples+macropisoids (n = 30). The correlation coefficients show a significance level of 0.01 for r = 0.49 and r = 0.45, and 0.001 for r = 0.60 and r = 0.55 for the
lateritic samples (RC + OVR) and the lateritic samples-+macropisoids, respectively. Kaol = kaolinite, I = illite, Sm = smectite (beidellite-type), Dsp = diaspore, Hem =

hematite, Gt = goethite, Ant = anatase, Rt = rutile, Ilm = ilmenite.

Al,03 Fe,03 MnO P,05 K20 TiOy Zr Th
Laterites Sc 0.92 0.81 0.03 0.21 -0.6 0.91 0.48 0.93
v 0.7 0.94 0.16 0.19 —0.54 0.67 0.31 0.78
Co 0.56 0.81 0.58 0.37 —0.43 0.53 0.11 0.53
Ga 0.93 0.77 —0.03 0.08 —0.62 0.9 0.46 0.94
Ge 0.88 0.76 —0.07 0.06 —0.54 0.9 0.55 0.95
Nb 0.98 0.56 —0.21 0.09 —0.58 0.99 0.59 0.96
In 0.86 0.75 0.04 0.15 —0.61 0.81 0.32 0.83
Sb 0.64 0.77 —0.08 —-0.09 -0.4 0.65 0.52 0.79
Zr 0.49 0.22 —0.31 —0.31 -0.23 0.62 1 0.64
Hf 0.59 0.27 —0.33 -0.28 -0.28 0.77 0.99 0.73
Ta 0.97 0.53 —-0.26 —0.03 —-0.59 0.99 0.65 0.97
W 0.92 0.64 -0.2 —-0.07 —0.59 0.95 0.66 0.97
>"REE 0.53 0.44 0.08 0.15 -0.33 0.57 0.44 0.58
>"LREE 0.47 0.41 0.07 0.15 -0.3 0.53 0.42 0.54
> HREE 0.64 0.57 0.1 0.15 —0.43 0.69 0.51 0.71
Laterites Sc 0.9 0.26 -0.17 -0.11 —0.49 0.88 0.53 0.9
+ \4 0.34 0.82 0.51 0.45 —0.56 0.28 —0.02 0.36
macropisoids Co 0.14 0.78 0.74 0.56 —0.48 0.09 —0.21 0.09
Ga 0.91 0.24 —-0.19 —-0.14 -0.5 0.88 0.52 0.9
Ge 0.87 0.21 -0.21 -0.17 —0.41 0.87 0.6 0.91
Nb 0.98 —-0.07 —0.48 —-0.31 —-0.35 0.99 0.71 0.97
In 0.69 0.54 0.17 0.22 —0.56 0.63 0.22 0.64
Sb 0.1 0.78 0.63 0.5 —0.42 0.07 —-0.05 0.14
Zr 0.63 -0.33 -0.59 0.52 —0.01 0.74 1 0.76
Hf 0.7 —-0.31 —-0.61 —0.52 —0.04 0.8 0.99 0.81
Ta 0.98 -0.11 —0.52 —0.36 —0.33 0.99 0.76 0.98
w 0.87 0.29 -0.17 —0.08 —-0.49 0.88 0.61 0.89
>"REE 0.49 0.2 0.02 0.01 -0.3 0.51 0.38 0.52
> LREE 0.45 0.17 —0.01 —0.01 -0.27 0.49 0.37 0.5
>"HREE 0.55 0.33 0.1 0.08 —0.42 0.58 0.4 0.59
Kaol 1 Sm Dsp Hem + Gt Ant + Rt Ilm
Laterites Sc 0.82 —0.66 —-0.28 0.48 0.67 0.5 0.66
A 0.63 —0.53 -0.27 0.2 0.84 0.32 0.55
Co 0.49 -0.5 —-0.18 0.15 0.82 0.27 0.5
Ga 0.82 —0.65 -0.29 0.48 0.68 0.43 0.48
Ge 0.79 -0.7 —-0.26 0.42 0.62 0.46 0.47
Nb 0.88 —0.68 —0.28 0.6 0.43 0.56 0.5
In 0.74 -0.57 —0.21 0.55 0.66 0.45 0.54
Sb 0.52 —0.44 —-0.31 0.20 0.60 0.21 0.34
Hf 0.46 —0.64 -0.19 0.41 0.08 0.18 0.3
Ta 0.87 —0.69 —0.31 0.61 0.4 0.49 0.42
W 0.82 —0.65 —-0.35 0.52 0.49 0.4 0.39
>"REE 0.4 -0.4 —-0.18 0.32 0.37 0.25 0.56
>_LREE 0.35 —0.36 -0.14 0.29 0.32 0.24 0.57
>"HREE 0.53 —0.48 -0.27 0.37 0.47 0.26 0.51
Laterites Sc 0.79 —0.56 -0.22 0.52 0.14 0.54 0.43
+ A 0.37 —0.53 -0.29 —0.03 0.77 0.02 0.44
macropisoids Co 0.21 —0.49 —0.22 —0.12 0.81 —0.09 0.37
Ga 0.78 —0.54 -0.23 0.53 0.15 0.49 0.29
Ge 0.74 —-0.57 —-0.20 0.48 0.1 0.52 0.27
Nb 0.8 —0.46 —0.16 0.68 —0.18 0.67 0.23
In 0.57 —0.53 -0.21 0.43 0.47 0.32 0.41
Sb 0.13 —0.41 —-0.28 —-0.14 0.76 -0.19 0.27
Hf 0.44 —0.33 —0.05 0.55 —0.43 0.45 0.04
Ta 0.78 —0.44 -0.18 0.69 -0.22 0.63 0.17
W 0.74 —-0.57 —-0.31 0.52 0.16 0.42 0.33
>"REE 0.39 —0.38 -0.17 0.3 0.15 0.24 0.44
> LREE 0.35 —0.33 —-0.12 0.29 0.1 0.24 0.45
>"HREE 0.48 —0.48 -0.27 0.32 0.29 0.2 0.39

(lower, more weathered levels) than in the OVC (middle-upper, less
weathered levels), which would support the hypothesis that the more
intense the chemical weathering, the more LREE depletion can be ex-
pected (Maksimovic and Pant6, 1991). This higher LREE than HREE
fractionation also indicates that the HREEs were less mobile than the
LREEs during weathering as occur in nearby karst bauxites (Yuste et al.,
2017; Yuste et al., 2020). Nevertheless, the LREE content in the RC is
higher than in the OVC. Together with the presence of LREE phosphates

10

and oxides in the RC (as evidenced by STEM images and EDS analyses),
this demonstrates that the laterization did not give rise to such an
intense chemical weathering process as would occur during
bauxitization.

5.2.2. Forms and distribution of critical metals in the lateritic palaeosols
REE enrichment in weathered rocks can be linked to the accumula-
tion of detrital minerals such as detrital monazite and xenotime, as has
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Fig. 6. STEM images showing critical metal phases adsorbed on the surface of pseudohexagonal kaolinite crystals in the red clays of the ALC (a and b), JO (c), and VE
(d-f) profiles. Kaol = kaolinite, REE = REE-phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

been described in other bauxites from China, Italy, and Spain (e.g.,
Putzolu et al., 2018; Reinhardt et al., 2018; Luo et al., 2023), but REE
fractionation can also take place through the formation of authigenic
REE-bearing minerals (Maksimovic and Panto, 1991; Horbe and Costa,
1999; Yuste et al., 2020). Furthermore, REEs can also fractionate during
laterization (Braun et al., 1998; Al-Khirbash et al., 2014; Guimapi et al.,
2023) and be adsorbed on the surface of Fe-rich phases or clay minerals
(Wang et al., 2010; Mameli et al., 2007).

All the critical metals in the lateritic palaeosols and macropisoids are
related to Al, indicating that these elements can be adsorbed on the clay
minerals. The adsorption capacity of the clay minerals is determined by
their composition, specific surface, and charge surface (Yusoff et al.,
2013). Under natural pH conditions, those clay minerals with a negative
layer charge can adsorb REEs effectively through various processes: ion

11

exchange, surface complexation, electrostatic attraction, and migration
into clay structure (Yang, M. et al., 2019). Accordingly, 2:1 clay minerals
(e.g., smectite or illite) have higher adsorption capacities than the 1:1
kaolin-group.

On the other hand, the point of zero charge (PZC) (i.e., the pH at
which the net total particle charge is zero) also plays an important role
in the variable-charge surfaces of soils. When the pH is greater than the
PZC, exchange of cations can occur, whereas anions will be retained if
the pH value is less than the PZC (Appel et al., 2003). Some authors
(Appel et al., 2003; Yang, M et al., 2019) have reported PZC values for
kaolinite (PZC = 3.8-4.1), illite (PZC = ~2.5), and smectite (PZC =
7-9). According to these values, for a pH range of 4-7, kaolinite, illite
and smectite can adsorb REEs, but Kaolinite has a higher sorption af-
finity to REEs due to more favourable electrostatic effects for adsorption
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Table 3
EDS analysis (Wt%) of the areas analysed by STEM of nanoparticle phases corresponding to the images from Fig. 6. Uncertainty of the analyses in brackets.
Mineral phase (o) P Ca Y Zr La Ce Nd
1 Monazite-type phosphate 76.46 9.77 - - - - 13.75 -
(1.93) (0.45) (0.63)
2 Zircon-Xenotime? 67.00 8.34 0.53 18.25 5.86 - - -
(1.41) (1.01) (0.14) (0.99) (0.66)
3 REE-oxide 84.92 1.43 - - - 4.00 - 9.64
(3.17) (0.41) (1.68) (1.76)
4 Monazite-type phosphate 65.42 4.42 - - - 6.64 25.5 -
(3.87) (0.51) (2.05) (2.08)
5 REE-oxide 45.48 0.8 2.39 3.03 - 27.70 20.58 -
(1.17) (0.14) (0.17) (0.39) (0.72) (0.83)
6 Xenotime-type phosphate 55.49 12.16 7.84 3.01 - 13.05 8.41 -
(3.15) (1.08) (0.52) (2.05) (1.74) (1.89)

due to the low PZC compared to smectite (Coppin et al., 2002; Stumpf
et al., 2002). Together with the low proportions of smectite present in
the lateritic palaeosols (<5 to 17%) (see Table S1 in the Supplementary
Materials), this could explain the absence of correlation between the
critical metals and smectite in the lateritic palaeosols (Table 2). The
higher positive correlation of the critical metals with the authigenic
kaolinite and the negative correlation with the detrital illite (Table 2),
suggest that, in this case, authigenic kaolinite was the clay mineral that
adsorbed the critical metals during the laterization process. STEM im-
ages (Fig. 6) corroborate that some elements, such as Y, La, Ce and Nd,
form discrete phases that are adsorbed on the surface of authigenic
kaolinite crystals. The REE fractionation that took place during weath-
ering would have given rise to the genesis of the analysed LREE-phases.
In addition, the presence of Y in the RC reflects the fact that although
HREEs are less mobile during chemical weathering, xenotime-type
phosphates can also be formed.

In addition, many of the critical metals in the lateritic palaeosols are
correlated, not only with Al but also with the Fe and Ti-oxides. Ac-
cording to Kiihnel (1987), hematite is a major scavenger of cations from
solutions and goethite also exert an important scavenging action relative
to aqueous ions. This is because metal oxides have a strong tendency for
specific ion adsorption, as has been demonstrated in experimental
models (e.g., Rabung et al., 1998; Rabung et al., 2000; Vermeer et al.,
1999) and described in soil systems (e.g., McLaren et al., 1986; Bradl,
2004). In Mediterranean bauxites, it has been described that the Fe-rich
horizons concentrate Co, Ni, Cr, V and REE and that authigenic heavy
minerals like rutile, anatase and titanite are scavenging HREE (Mongelli,
1997; Mameli et al., 2007; Yuste et al., 2017). Hematite and anatase
phases scavenging REE have also been described in bauxites from China
(Luo et al., 2023). The positive correlation of the HREEs with hematite,
goethite, anatase, rutile and ilmenite observed in the studied lateritic
palaeosols (Table 2) may be, therefore, indicating that these minerals
acted as scavengers for less mobile HREEs. In the same way, the sig-
nificant positive correlation of LREEs with Ti and ilmenite could indicate
that Ti and Fe-bearing minerals may act as scavengers for the LREEs.

The good positive correlation of Nb, Sb, Hf, Ta, and W with Zr may
reflect the presence of zircons enriched in these metals, or alternatively
phases of similar size to zircon. Zircon accumulation can lead to slight
enrichments in Th (Bauluz et al., 2000), and the good positive correla-
tion of all the analysed critical metals with Th could also indicate the
presence of some Th-phase (e.g., thorite), as has been described in other
laterites from Brazil (Horbe and Costa, 1999). The EDS analyses show
intermediate compositions between xenotime and zircon, which could
correspond to a solid solution of the thorite—xenotime-zircon—coffinite
system (Forster, 2006). By contrast, this good correlation between
zircon and the critical metals may also result from zircon crystals sur-
rounding xenotime crystals, as has been described in bauxites from
China (Luo et al., 2023).

When the macropisoids were considered in the correlation matrix
(Table 2), Co, V, and Sb showed a better correlation with Fe, P, and Mn.
Fe oxides can control Co and V distribution due to the higher sensitivity

to redox conditions of these elements (Abedini et al., 2022; Yuste et al.,
2017), and so the hematite and goethite included in the macropisoids
could control their distribution. Authigenic REE-phosphates (e.g., xen-
otime) have been described in bauxitic deposits (Luo et al., 2023). Given
the good correlation with P, phosphates containing Co, V, or Sb may also
be included in the macropisoids, although in low proportions, since they
were not previously identified by XRD or FESEM.

6. Conclusions

The following conclusions are drawn from these geochemical and
STEM studies of Lower Cretaceous lateritic palaeosols from NE Iberia:

1) The major element concentrations reflect the mineralogical compo-
sition of the samples. The red clays from the lower levels of the
profiles are more enriched in Al, Fe, and Ti due to their higher
content in kaolinite, diaspore, hematite, goethite, rutile, anatase, and
ilmenite. The ochre and violet clays/marls from the middle and
upper levels of the profiles are enriched in Si and present higher
quantities of K and Mg, reflecting their higher content in quartz,
illitic phases, and smectite. The macropisoids are mainly enriched in
Fe and Mn and are somewhat enriched in P due to their higher
content in hematite and goethite and the probable presence of Mn-
oxyhydroxides and critical-metal-rich phosphates.

The higher LREE than HREE fractionation in the laterites indicates
that the HREEs were less mobile than the LREEs during chemical
weathering. The positive correlation of the HREEs with hematite,
goethite, anatase, and rutile and the positive correlation of the LREEs
with ilmenite show that these Fe- and Ti-minerals acted as scaven-
gers for some of the REEs.

The good correlation of all the critical metals (including the REEs)
not only with Ti and Fe, but also with Al, indicates that they can also
be adsorbed on clay minerals. The better correlation of these ele-
ments with authigenic kaolinite and the negative correlation with
detrital illitic phases suggest that kaolinite is the clay mineral that
controls their distribution. This is corroborated by the STEM images
and the EDS analyses that show xenotime, monazite, and La, Ce and
Nd oxides adsorbed on the surface of kaolinites.

The decrease in the CIA and the increase in the WIP values from the
red clays to the ochre and violet clays/marls reflect a decrease in the
intensity of chemical weathering towards the top of the profiles.
Although intense chemical weathering processes could have pre-
vented the concentration of certain elements (e.g., LREEs), the
decrease in the critical metal content coincides with the decrease in
the CIA values and the increase in the WIP values, reflecting the fact
that, in this case, the concentration of the critical metals increased
during laterization.
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