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SUMMARY

Acidic soils in the Mexican tropics, such as those found in Tabasco, are
characterized by fine texture and high organic matter content. However, they exhibit
low cation exchange capacity (CEC), which limits their agricultural productivity.
This study aimed to identify and characterize, for the first time, the mineralogical
and elemental composition of the sand, silt, and clay fractions in an ancient
acidic fluvioalluvial soil using X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FT-IR), energy-dispersive X-ray spectroscopy (EDS), and scanning
and transmission electron microscopy (SEM-STEM). Results revealed that the clay
fraction is predominantly composed of kaolinite, with secondary phases of gibbsite,
magnetite, and iron and aluminum sesquioxides. These oxides absorb onto kaolinite
surfaces, further reducing its CEC. The silt fraction was primarily composed of Al, Si,
Fe, and C, with very low concentrations of Ca and Mg, indicating a limited natural
nutrient reserve. Notably, small amounts of organic matter were detected in both
sand and silt fractions, forming organo-mineral complexes potentially stabilized
by interactions with metallic oxides, low pH, and seasonal anoxia associated with
high annual rainfall (2600 mm). These findings suggest that the low CEC results not
only from the mineralogical composition but also from pedoclimatic conditions that
limit the soil's chemical reactivity. Although these soils are classified as agricultural
classes lll and IV, their use is restricted mainly to citrus, cassava, pineapple, and
forest plantations. This study provides original evidence on the structure-function
relationships of fine fractions in acidic tropical soils. It highlights the importance of
considering both mineralogy and geochemistry, not just texture, when designing
sustainable soil management strategies in environmentally vulnerable regions.

Index words: low-activity minerals, metal oxides, organo-mineral complexes, soil
fertility, weathering.

RESUMEN

Los suelos 4cidos del trépico mexicano, como los de Tabasco, se caracterizan por
sutexturafina, alto contenido de materia orgédnicay, paraddjicamente, baja capacidad
de intercambio catiénico (CIC), lo que limita su fertilidad agricola. Este estudio tuvo
como objetivo identificary caracterizar, por primera vez, la composiciéon mineraldgica
y elemental de las fracciones de arena, limo y arcilla en un suelo fluvioaluvial
antiguo acido mediante técnicas de difraccién de rayos X (DRX), espectroscopia
infrarroja por transformada de Fourier (FT-IR), espectroscopia de energia dispersiva
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(EDS) y microscopia electrénica de barrido (SEM-STEM). Los resultados revelaron
que la fraccién arcillosa estd compuesta principalmente por caolinita, con presencia
secundaria de gibbsita, magnetita y sesquidxidos de hierro y aluminio, los cuales se
adsorben a la superficie de la caolinita, reduciendo su CIC. La fraccién limo presenté
elementos como Al, Si, Fe y C, con bajos niveles de Cay Mg, lo que indica una reserva
nutrimental limitada. De forma novedosa, se detectd materia orgénica en fracciones
de arenay limo formando complejos organominerales, posiblemente estabilizados
por interacciones con éxidos metélicos, pH bajo y condiciones de anoxia estacional,
derivadas de la alta precipitacién anual (2600 mm). Estos hallazgos sugieren que tanto
la mineralogia dominante como las condiciones edafocliméticas son responsables
de la baja reactividad quimica del suelo. A pesar de estar clasificados como suelos
agricolas de clase Ill y IV, su uso esté restringido a cultivos como citricos, yuca, pifa
y plantaciones forestales. Esta investigacion aporta evidencia original sobre la
composicion y funcionalidad de las fracciones finas en suelos acidos tropicales y
subraya la importancia de considerar no solo la textura, sino también la mineralogia
y la geoquimica en el disefio de estrategias de manejo sostenible en regiones
ambientalmente vulnerables.

Palabras clave: minerales de baja actividad, oxidos metélicos, complejos
organominerales, fertilidad edéfica, intemperismo.

INTRODUCTION

Acid soils occupy approximately 30% of the world's ice-free land surface and are found mainly in the northern
belt (cold and temperate climate) and the southern tropical belt (von Uexkill and Mutert, 1995). One-third of
the tropics (1.7 billion ha) have acid soils with soluble Al to be toxic for most crops (Sanchez and Logan, 1992;
Agegnehu et al., 2021). Acidic soils belonging to the Acrisols, Alisols, Umbrisols, and Luvisols groups occupy
around 6183 km? of surface area in the southern Mexican state of Tabasco. The acid soils in Mexico are used
for sowing pastures for extensive cattle ranching, as well as for forest plantations of eucalyptus, tropical pine,
rubber, acacia, and teak, and to a lesser extent for oil palm, lemon, orange, and pineapple plantations (Zavala-
Cruz, Jiménez, Palma, Bautista, and Gavi, 2016; Palma-Lépez et al., 2017).

In the tropics, the low productivity of acidic soils, among other causes, has led to the opening of agricultural
lands, which has led to the reduction of forest cover from 49.1% in 1940 to only 13.6% today, with the consequent
loss of biodiversity (Villanueva-Partida et al., 2016) and has worsened soil erosion and degraded fertility. This
environmental degradation underscores the need for sustainable land-use strategies that consider the unique
physicochemical properties of the region’s soils. In recent decades, rapid urbanization, agricultural expansion,
and industrial activities, including oil extraction, have dramatically altered the environment in southern Mexico.
These activities have led to heavy metal contamination in various ecosystems, including soils, rivers, and coastal
lagoons (Marin-Mézquita, Baeza, Zapata, and Gold, 1997; Villasenor et al., 2003; Geissen et al., 2009; Mendoza-
Carranza, Sepulveda, Dias, and Geissen, 2016).

In Tabasco, Mexico, where agricultural practices heavily depend on soil quality, contaminants originating partly
from agrochemicals and industrial waste represent significant risks for crop production and food security (Geissen
et al., 2009). Understanding how these soils interact with contaminants and how their mineral composition
influences these interactions is key to developing strategies that mitigate soil degradation and ensure sustainable
agricultural practices. In addition, unsustainable agricultural management practices have led to soil degradation
through erosion or fertility loss.

Acidic soils in Tabasco, Mexico, as in other parts of the world, have low productivity, despite being clayey and
having high percentages of organic matter; the cation exchange capacity is very low (Zavala-Cruz et al., 2016). The
agricultural interpretation of soil texture has not been correct due to the lack of knowledge of the type of minerals
in particles smaller than 2 microns.

Although there are isolated reports on the sedimentary composition of sands in Tabasco and broader studies on
coastal sediments in nearby regions (Ramos-Vazquez and Armstrong, 2020), there is a notable lack of comprehensive
analyses of moisture retention and CEC in these soil components. Additionally, the mineralogical composition of
these soils, including the identification of clay minerals like kaolinite, smectite, and illite, remains largely unexplored.
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For example, Castillo, Popma, and Moreno-Casasola (1991) noted differences in vegetation between siliceous
and carbonate dunes in Tabasco and Campeche. However, these studies did not address the soil's mineral
composition or water retention behavior. Without such information, interpretations of soil texture and fertility for
agricultural purposes remain incomplete and potentially misleading. Despite their importance, most previous
research has focused on the general texture of these soils, overlooking critical factors such as moisture retention,
cation exchange capacity (CEC), and mineral interactions. These factors are essential for understanding soil fertility
and improving agricultural management.

Sustainable soil management in agriculture needs a thorough knowledge of silt and clay types and their elemental
composition. We have an intuition, but scientific evidence is scarce. Special attention is given to their mineral
composition, water retention capacity, and cation exchange potential. These findings will contribute to developing soil
management strategies to enhance agricultural sustainability, improve crop yields, and mitigate the environmental
impacts of land-use change in one of Mexico's most productive and environmentally vulnerable regions.

Understanding the composition and behavior of sand particles (Miaomiao, Yulong, Xirui, Xuhui, and Mengzhen,
2021), silts particles (Liu et al., 2020; Nie, Li, Wang, and Bai, 2020), and clays particles (Adhikari and Bhattacharyya,
2015; Zhu et al., 2021) in these soils are essential for designing management practices that mitigate the adverse
effects of deforestation and improve agricultural productivity. Sustainable practices depend on detailed soil
characterizations, including moisture retention, mineral content, and cation exchange capacity, which are vital for
determining irrigation, fertilization, and crop selection (Djeran-Maigre, Tessier, Gravaud, Gouy, and Belarbi, 2023)

We need to pay special attention to their mineral and elemental composition. These findings will contribute to
developing soil management strategies to enhance agricultural sustainability, improve crop yields, and mitigate the
environmental impacts of land-use change in one of Mexico's most productive and environmentally vulnerable regions.

This work aimed to identify and characterize sand, silts and clays particles of an acid soil profile in Tabasco,
Mexico, through mineralogical and elemental analysis.

MATERIALS AND METHODS
Study Area

The state of Tabasco is in southeastern Mexico. It covers 24 751 km? between the coordinates 17° 15’ and
18° 38" N and 90° 38" and 94° 07" W (Figure 1). The state comprises two physiographic provinces: the Southern
Gulf Coastal Plain, which covers 96% of the area, and the Sierras of Chiapas and Guatemala, which cover the
remaining 4%. Both provinces are drained by the basins of the Usumacinta and Grijalva rivers, which together
contribute 30% of the country’s ‘s freshwater to the Gulf of Mexico. The soil profile under study is in the Southern
Gulf Coastal Plain physiographic province (17°52'21.92" N - 93° 40' 0.41" W), with a gently rolling hilly landscape
(Zavala-Cruz et al., 2016). It has a warm, humid climate with year-round rainfall (Af (m), a mean annual temperature
of 25.5 °C, and an average annual precipitation of 2600 mm (Aceves-Navarro and Rivera, 2019). The parental
material is sand and silt from the Quaternary Pleistocene (Islas-Tenorio et al., 2005).
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Figure 1. Study area: the acidic soils of Tabasco.
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Particle Separation Techniques

For particle analysis, an Acrisol profile with a high organic matter content, clayey, and acidic, was selected
(Salgado-Garcia et al., 2017) (Table 1). Soil samples from each horizon were dried in the shade for 48 hours. The
soil samples were sieved through a 10-mesh sieve (2 mm gap). The sand was separated by dry sieving through
a 250-mesh sieve (0.063 mm). The silt was separated wet using a sodium hexametaphosphate solution as a
dispersant and mechanical stirring for 5 min. The soil sample was allowed to stand for 2 for the silt to decant; clays
were obtained from the supernatant. Clay and silt particles were separately placed on filter paper and dried in the
shade for 5 days.

The sand, silt, and clay samples were analyzed using a High-Resolution Scanning Electron Microscopy (HR-
SEM) model Hitachi SU8030. Employing secondary electron (SE) imaging to obtain detailed micrographs of the
nanostructures within the soil particles using a High-Resolution Scanning Electron Microscopy (HR-SEM).

Mineralogical Analysis (XRD)

Structural analysis was carried out using X-ray diffraction (XRD) with a Rigaku Ultima IV X-ray Diffractometer.
The samples were scanned in the 10° to 90° 20 range with a Cu Ka radiation wavelength of 1.54 A and a scanning
speed of 0.02°/min. X-ray diffraction (XRD) patterns of clay particles from the first three soil horizons (H1, H2,
and H3) were analyzed. To determine the relative abundance of each mineral phase, a phase quantification
analysis (QPA) was conducted. This technique provided essential data on the soil nanostructures’ crystallographic
structure, phase composition, and crystallite size.

Morphochemical Analysis (SEM, EDS, FT-IR).

Energy dispersive X-ray spectroscopy (EDS) was utilized with an operating voltage of 15 kV and a working
distance of 15 mm. It was used for elemental composition mapping and detailed chemical characterization of the
three particle size fractions (sand, silt and clay) of the acid soil. The Bruker X Flash 6/60 EDS system was coupled
with the Hitachi SU8230 field emission scanning electron microscope.

Transmission-mode scanning electron microscopy (STEM) was conducted using the Hitachi SU8230 cold-
field emission scanning electron microscope to detail the morphologies of the silt and clay particles. In order
to abound in depth, regarding the size and morphology of the clay, a complementary scanning transmission
electron microscopy (STEM) analysis was performed.

FT-IR analysis was conducted using a Nicolet iN10 spectrometer with an ATR accessory, recording spectra
from 400 to 4000 cm™. The ATR mode enabled direct solid sample analysis, enhancing signal quality and
reproducibility. This allowed precise identification of vibrational modes associated with the mineral phases in the
soil sample, complementing XRD results.

Table 1. Physical and chemical properties of the acid soil profile.

Horizon

Depth R L A pH OoM N P K Ca Mg Na CIC CEC-R H Al
% H,0 % mgkg!' - - - oo oo cmol(+) kg™ - - - - - - - - o oo -
0-15 37 M 52 4.52 5.61 0.19 8.10 0.71  0.58 0.38 0.08 715 1932  1.47 3.1
15-(30-40) 40 8 52 4.42 2,517 0.07 1.47 0.15 0.08 0.07 0.04 410 1025 1.09 2.82
(30-40) -57 41 6 53 443 1.90 0.05 0.59 0.07 0.06 003 003 476 1161 099 237
57-114 46 7 47 4.4 0.43 0.02 0.00 0.04 046 023 005 553 1202 076 1.88
114-150 45 10 45 419 0.10 0.01 0.29 0.02 0.13 0.17 0.04 7.15 1589 0.99 257

OM = organic matter; N = total; CEC = cation exchange capacity; R = clay, L = silt; A = sand.
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RESULTS AND DISCUSSION
Form, Sizes, and Composition of Sand Particles (250 to 2000 microns)

Using secondary electrons, the micrograph obtained with scanning electron microscopy (SEM) reveals the
morphology of sand grains, with sizes of 280 pm and 365 pm (Figure 2a). Depicts of an elemental mapping of the
same sand grains highlight key elements, including silicon (Si) and oxygen (O). Also, aluminum (Al) and iron (Fe)
are in low proportions (Figure 2b). These elements are primarily associated with quartz minerals and indicate the
presence of iron and aluminum oxides (Al-oxides). Sands with quartz and iron minerals were probably produced
by the weathering of ash from the Chichonal volcano in Chiapas.

The Energy Dispersive X-ray Spectroscopy (EDS) spectrum confirms the presence of Si, O, Al, and Fe alongside
a minor peak for carbon (C) (Figure 2c). The detected carbon may be attributed to trace organic components
within the sand fraction, representing a minor phase relative to the predominant inorganic minerals.

Figures 2 (d-h) illustrates the individual elemental distributions for Si, O, Fe, Al, and C. These distributions
reinforce the associations of Si and O with quartz as principal components. In contrast, the distributions of Fe and
Al correspond to the presence of iron and aluminum oxides in low proportions. The minor presence of carbon
suggests localized organic matter or carbon-bearing phases, aligning with the observations from the EDS spectrum.
Carbon in the sand grains indicates that these particles are reactive and can form organo-mineral compounds.

To our surprise, we found that the sand fraction presented small quantities of organic matter forming organo-
mineral compounds, as well as in silt fraction; the sand and silt are reactive as has also been reported for tropical
soils (Soares, Alleoni, Vidal-Torrado, and Cooper, 2005; Thaymuang, Kheoruenromne, Suddhipraharn, and Sparks,
2013), perhaps because of the minerals coming from the weathering of the ash from the Chichonal volcano, the
presence of organic matter boundto the sandsis probably related to the interaction with iron and aluminum oxides,
as well as with the inhibition of mineralization due to low pH and Al-toxicity and by the persistent anaerobiosis in
the copious rainy season in the area (Mora, Guerra, Armas, Arbelo, and Rodriguez, 2014) and by the formation of
organo-minerals complex (Hassink, 1997; Prado et al., 2007; Delmelle, Opfergelt, Cornelis y Ping, 2015). However,
this hypothesis will need to be tested in future studies.

AREACRIH{
SE MAG:250 x HV: -1.0 kV WD: -1.0 mm Px: 1.09 ym
cps/e

Wl

2

4
Energy (eV)

Figure 2. Characterization of sands of acid soil from Tabasco, Mexico. (a) SEM image showing
sand grains sized approximately 280 pm and 365 pm. (b) Elemental mapping indicates the
presence of silicon (Si), oxygen (O), aluminum (Al), and iron (Fe). (c) EDS spectrum confirming Si,
O, Al, Fe, and a minor carbon (C), (d-h) Individual elemental distributions for Si, O, Fe, Al, and C.
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Form, Sizes and Composition of Silt Particles (2 to 63 microns)

The EDS spectrum reveals the presence of elements such as O> Al> Si> C>Fe> Ag> Na> Ti> Mg> Ca. These
elements are associated with the primary and secondary minerals present in the silt and clay particles (Figure 3a).
Important elements for plant nutrition, such as calcium and magnesium, are found in low proportions.

The presence of silver may be associated with specific interactions with minerals or organic matter, while iron
may be associated with iron oxide phases, characteristic of acidic soils. The distribution of carbon suggests the
formation of organometallic complexes on the surface of the mineral phases (Figure 3b). Note that the silt-sized
particle is associated with primary and secondary minerals, such as iron oxides, and organic compounds. The
large particle is an organo-mineral compound (Feng, Zhang, Wang, and Li, 2023) containing carbon, silver, and
iron as the main elements (Figure 3b). A strong interaction was observed between the organo-mineral component
(silver-carbon) and the smallest particles of iron oxides.

Figure 3c shows a secondary electron image obtained with the EDS spectrum. Figures 3(d-f) show the
individual EDS spectra of silver (Ag), iron (Fe), and carbon (C), respectively. These maps confirm the distribution of
these elements on the mineral surfaces, suggesting a relationship between the presence of the silt-sized particle
and the clay-sized particle assemblage.

As expected in acidic tropical soils, the silt fraction is composed primarily of Al, Si, C, and Fe, with low
concentrations of nutrients such as Ca and Mg. Natural, long-term fertility is found in the chemical composition of
silt, which, in this case, contributes minor amounts of Ca?* and Mg?*. These results on the composition of silts are
the first for these acidic soils of the Mexican tropics.

Research on the nutrient content of sand and silt has unfortunately not been so popular; scientific reports
on the subject are scarce despite the great relevance they have for achieving sustainable agriculture, since the
release of nutrients in the medium and long term should be relevant (Graham, 1943; Bremner and Genrich, 1990;
Hassink, 1997; Delmelle et al., 2015).

Form, Sizes and Composition of Clay Particles (<2 microns)

SEM images, a significant tool in our research, not only reveal but also confirm the presence and morphology
of kaolinite, as well as iron and aluminum oxides, on soil particles smaller than 2 microns (Figure 4a-d). Figure 4a
shows a secondary electron (SE) SEM image acquired at 25 000x magnification and 1 kV accelerating voltage. In
this image, pseudohexagonal kaolinite platelets forming loose aggregates are observed. In addition, dispersed
clusters of irregularly shaped particles are observed, which could be associated with iron and aluminum oxides.
The presence of these oxides is a well-documented feature of acidic soils, where weathering processes promote
the accumulation of sesquioxides, influencing the structure and chemical properties of the soil.

0.001 cps/eV.

20 um

Figure 3. Elemental analysis of silt-clay particles using EDS. (a) EDS spectrum showing the presence of
Si, O, Al, Mg, Ca, Fe, and Ag. (b) Focused EDS spectrum highlighting silver (Ag), iron (Fe), and carbon (C). (c)
Secondary electron (SE) image of the sample region analyzed. (d) EDS spectrum for silver (Ag), (e) iron (Fe),

and (f) carbon (C).
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Figure 4. (a) SE-SEM image (25,000x, 1 kV) showing pseudohexagonal kaolinite
platelets and iron-aluminum oxide clusters. (b) Multimodal imaging (SE, BSE,
HAADF) enhancing phase contrast. (c) BF-STEM image (30 000x) revealing kaolinite
morphology and submicron oxide inclusions. (d) SE-UL image confirms kaolinite and
iron-aluminum oxide coexistence in acidic soils.

Our research methodology is meticulous, as we obtained a more detailed view of the kaolinite morphology
through a combination of SE, backscattered electron (BSE), and high-angle annular dark field (HAADF) imaging
modes at the same magnification (25 000x) (Figure 4b). This multimodal approach enhances contrast, allowing
for more precise differentiation between kaolinite and the other coexisting mineral particles. Particle size
measurements indicate that kaolinite platelets exhibit dimensions below 1 pm, a defining characteristic of clay
minerals. This observation is consistent with the mineralogical composition expected for the acidic soils of
Tabasco, where kaolinite is the predominant aluminosilicate.

Brightfield scanning transmission electron microscopy (BF-STEM) imaging at 30 000x magnification provides
a higher-resolution view of the pseudohexagonal morphology of kaolinite (Figure 4c). Submicron inclusions can
be discerned within these structures, corresponding to iron and aluminum oxides embedded in the clay matrix.
These oxide inclusions suggest that kaolinite may act to adsorb secondary mineral phases, potentially contributing
to decreased cation exchange capacity. Clay-sized particles are also observed, a collection of iron and aluminum
oxides and hydroxides that form silt-sized particles larger than 2 microns.

The SE-UL (secondary low-angle electron) image provides improved visual resolution of the coexisting
morphological features. Both pseudohexagonal kaolinite structures and agglomerates associated with iron and
aluminum oxides can be distinguished (Figure 4d). The coexistence of these two morphologies further corroborates
the heterogeneous mineralogical composition of the acidic soil particles in Tabasco, where kaolinite-rich domains
coexist with iron- and aluminum-containing phases. This biphasic nature, particularly the presence of kaolinite,
contributes to the unique physicochemical properties of these soils, influencing their low fertility, hydrological
behavior, and low heavy metal adsorption.

These findings reinforce the understanding of acidic soils as highly weathered systems dominated by
kaolinite and iron and aluminum oxides (sesquioxides), which collectively dictate their agricultural potential and
environmental interactions.

We used EDS in STEM mode of scanning electron microscopy to clarify the presence of aluminum and iron
oxide in the clay particles. The figure shows an EDS spectrum revealing the primary presence of elements such as
Si, O, Al, and Fe (Figure 5a). This result supports the findings previously observed in the micrographs and confirms
that kaolinite is the main aluminosilicate. The scanning electron microscopy (SEM) image of the clay-sized particle
sample at 70 000x magnification reveals the presence of kaolinite with a suite of much smalleriron and aluminum
oxides adsorbed on the surface (Figure 5b). Finally, Figure 5c shows the elemental mapping of the crucible,
further verifying the particle composition.
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2 keV 4 6

Figure 5 (a-c): EDS analysis in STEM mode. (a) EDS spectrum showing the primary elements Si, O, Al, and Fe. (b) SEM
image of soil particles at 70,000x magnification. (c) Elemental mapping verifying kaolinite as the main component of
acidic soils from Tabasco.

To improve our understanding of the clay particle microstructure, we used various scanning electron
microscopy (SEM) techniques, each of which shows distinctive contrast variations. For example, Figure 6a shows a
Bright Field Transmission Electron Microscopy (BSM) image, which reveals transparent kaolinite phases, indicating
their lower electron density; such transparency suggests that the kaolinite particles are approximately 500 nm in
size. Figure éb highlights the surface topography and provides morphological information of the clay particles.

In the High-Angle (HA(T)) image, emphasizing denser components such as iron and aluminum oxides, which
appear darker due to their higher atomic numbers (Figure 6c). Finally, presents a composite image representing
the superposition of SE, BFTEM, and HA(T) modes, offering a comprehensive view of the sample (Figure 6d).

Figures 4, 5, and 6 show that the kaolinite particles, the largest, have small particles of iron and aluminum
oxides on their surface, which makes us think that we have probably been measuring the cation exchange capacity
incorrectly by obtaining values lower than 7 cmol(+) kg™ soil or clay? due to the occlusion of the aluminosilicates
by the iron and aluminum oxides.

Crystalline Clay Minerals Identify in Depth

Diffraction peaks were indexed and fully identified based on reference diffraction cards for kaolinite
(00-014-0164), gibbsite (04-013-6979), montmorillonite (00-060-0318), and magnetite (01-091-6177) (Figure 7a).
The diffraction patterns reveal that kaolinite is the predominant crystalline phase in the clay particles of all three
horizons, with well-defined reflections corresponding to its characteristic basal planes. Gibbsite and magnetite
were also identified in variable proportions, while montmorillonite was only detected in H1. Specifically, the main
peaks and planes diffraction identified for each mineralogical phase were as follows: kaolinite; 12.41° (001),
19.87(020),20.38°(110),21.23(111) and 24.97°(002); gibbsite; 18.3°(020), 20.32°(110), 36.51°(311); magnetite;
18.20°(111), 30.09°(202), 35.44° (311), 43.08° (400).

Kaolinite was the major component of clay crystalline particles in all three horizons, with concentrations ranging
from 80.9% to 85.8% (Figure 7b). Gibbsite content ranged from 6.2% to 9.4%, while magnetite showed greater
variability, with values ranging from 0.3% in H1 to 10.2% in H2. Montmorillonite was present exclusively in H1 (7.7%).

These results are consistent with the morphological and structural observations obtained from scanning
electron microscopy (SEM), where the characteristic platy morphology of kaolinite was identified. The presence
of well-defined kaolinite diffraction peaks further corroborates the SEM findings, supporting the identification
of this mineral as a significant constituent in the studied soils. The predominance of kaolinites suggests a highly
weathered soil environment, typical of acidic tropical soil with significant leaching and aluminum-iron enrichment.
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Figure 6. STEM analysis of clays of acid soil from Tabasco. (a) kaolinite phases, (b) surface
topography, ¢) denser iron and aluminum oxides, and d) an integrated view of the sample.

In the clay fraction, kaolinite is the main aluminosilicate. I[ron and aluminum oxides also adsorb strongly to the
kaolinite surface, which may explain its low CEC. Aluminum and iron particles give a clay-like texture. Magnetite
nanoparticles have two possible origins: annual agricultural burning in the presence of soil organic matter (Iniesta-
Martinez, Garcia, Gutiérrez, and Abud, 2023) and bacterial neoformation or pedogenetic in tropical conditions
(Maher and Taylor, 1988; Preetz, Igel, Hannam, and Stadler, 2017).

Strong weathering of soil minerals with good drainage releases of Fe and Al ions, forming secondary minerals
such as gibbsite and Fe oxides (goethite and hematite), and the prevalence of kaolinite (Tardy and Roquin, 1992).
The CEC is low for two reasons: the type of aluminosilicate (kaolinite) and the adsorption of iron and aluminum
oxides to the kaolinite, which does not fully quantify the CEC.

Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The obtained infrared spectrum exhibited characteristic absorption bands that correlate well with these
mineral phases, supporting the crystalline structures determined by XRD.

In the low-wavenumber region (<1000 cm™), the absorption bands at 463 cm™ and 521 cm™ correspond
to Si-O bending vibrations of kaolinite and Fe-O stretching vibrations of maghemite/magnetite, respectively
(Figure 8). The band evidences the presence of gibbsite at 680 cm™, assigned to the Al-OH bending mode.
Additionally, the absorption at 746 cm™ is associated with Al-O-Si vibrations, further confirming the presence of
kaolinite. The mid-range region (900-1200 cm™") exhibits prominent peaks at 911 cm™, 1001 cm™, 1032 cm™, and
1118 cm™', which are attributed to Al-OH bending vibrations in kaolinite and gibbsite, as well as Si-O stretching
modes in kaolinite. These results align with the XRD findings, where characteristic diffraction peaks of kaolinite
and gibbsite were observed, confirming their significant presence in the sample. The high-wavenumber region
(3300-3700 cm™) reveals multiple absorption bands at 3375 cm™, 3393 cm™, and 3443 cm™', which are assigned
to O-H stretching vibrations associated with adsorbed water in kaolinite and gibbsite. The peaks at 3531 cm™,
3621 cm™, 3650 cm”, and 3695 cm™ correspond to structural hydroxyl groups within kaolinite and gibbsite, in
agreement with their layered hydroxylated nature as confirmed by XRD.
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Figure 7. (a) XRD patterns of crystalline clay particles from three horizons (H1, H2, and H3) of an acid soil from
Tabasco, with indexed peaks corresponding to kaolinite, gibbsite, magnetite, and montmorillonite. (b) Phase
quantification showing the mineral composition of each horizon.

The correlation between FT-IR and XRD analyses highlights the mineralogical composition of particles less
than 2 microns. The strong absorption features associated with kaolinite and gibbsite in FT-IR spectra validate the
dominance of these minerals, as also evidenced by the XRD diffraction patterns. Additionally, the characteristic
Fe-O vibrations observed in FT-IR corroborate the identification of maghemite/magnetite in XRD, confirming
the presence of iron oxides in the soil matrix. These findings provide a comprehensive understanding of the
mineralogical characteristics of the clay particles, demonstrating a highly weathered soil profile dominated by
aluminum and iron-bearing phases, consistent with its pedogenetic development under tropical conditions.

Transmitance (%)
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500 1000 1500 2000 2500 3000 3500 400C
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Figure 8. FT-IR spectrum of clay particles showing characteristic absorption bands of
kaolinite, gibbsite, and maghemite. Key vibrations include Si-O bending (463, 521 cm),

Fe-O stretching (680, 746 cm™), Al-OH bending (911 cm™), Si-O stretching (1001, 1032,
1118 cm™), and O-H stretching (3375-3695 cm™).
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Acidic Soils of Tabasco

In the state of Tabasco, Mexico, there are acidic soils that belong to the Acrisols, Luvisols, Umbrisols, and Alisols
groups. Although these soils share low pH values, their morphology, functions, and agricultural uses vary significantly.

The INEGI soil database shows a well-represented cartographic distribution of Acrisols. Their properties,
including the Bt horizon, cation exchange capacity (CEC), and acidity, were sufficient to classify them as such.
However, with the emergence of the WRB in 1998 and its subsequent updates 2002, 2016, 2018, 2022, the mapped
area of Acrisols has decreased. Some soils have even ceased to be classified as Acrisols, as the WRB (IUSS Working
Group WRB, 2022) now requires a CEC (determined by 1 M NH4OAc at pH 7) of less than 24 cmol(+) kg™ clay
in a subhorizon of the argic horizon, along with exchangeable aluminum greater than the sum of exchangeable
calcium, magnesium, potassium, and sodium. Few laboratories in the region perform these specific analyses.

The profile studied, consistent with the WRB-2022 system (IUSS Working Group WRB, 2022), is classified as a
Ferric Rhodic Ferralic Acrisol (Clayic, Cutanic, Humic, Hyperdystric, Profondic). This profile features a 15 cm thick A
horizon, while the argic horizon is located between 30 and 114 cm in depth. This horizon contains 24% more clay
than the overlying horizon and exhibits eluviated cutans. Between 57 and 100 cm deep, the soil demonstrates an
exchangeable acidity of 1.8 cmol(+) kg, which exceeds the sum of exchangeable bases (0.8 cmol(+) kg™). The
CEC is measured at 12 cmol(+) kg™ clay, which is below the 24 cmol(+) kg™ clay threshold. It exhibits a red color
(2.5YR 4/8), an acidic pH of 4.4, a sandy clay texture, and low base saturation (less than 50%) throughout most of
the profile between 50 and 100 cm deep. This profile aligns with the characteristics of Acrisols found in the ancient
terraces of Huimanguillo (Zavala-Cruz et al., 2014; Palma-Lépez et al., 2017).

Agricultural Management

Although it may seem contradictory, these clayey soils have very low CECs because the clay is kaolinite
(Tinal-Ortiz et al., 2020). The CEC is the negative electric charge of clays and soil organic matter and can be
permanent or pH-dependent (Cruz-Macias et al., 2020), which helps explain why low-activity clays such as kaolinite
may result in low CEC values in acidic conditions. The high percentage of organic matter is due to the formation
of recalcitrant organo-mineral compounds with sand, silt, and clay particles. However, this organic matter neither
provides nutrients nor promotes an increase in CEC.

In this study, we observed a large amount of iron and aluminum oxide nanoparticles on the surface of clay
and silt particles. The low cation exchange capacity in this soil may be due to the lack of desorption of iron
nanoparticles, so it will be necessary to study this phenomenon in future studies. Also, iron and aluminum oxides
can be occluded/adsorbed by phosphate (Claudio, lorio, Liu, and Violante, 2017), more iron than aluminum oxide
(Gypser, Hirsch, Schleicher, and Freese, 2018).

The primary minerals in fine earth are found in sand and silt, since clays are considered secondary minerals
that can absorb nutrients but do not contain them in their mineral structure. Between sand and silt, the silts are
the most weatherable because they have a larger surface area (Hardy and Cornu, 2006; Makabe, et al., 2009).
The weathering of the primary minerals contained in silt is the soil’s nutrient reserve (Wilson, 2004; Makabe et al.,
2009). In our case study, the elemental content in silt presented the following sequence: O > Al > Si> C > Fe > Ag
> Na > Ti > Mg > Ca, where nutrients are clearly at the end of the sequence.

Given the soil conditions such as its acidity, low CEC, low percentage of silts with primary minerals with
low nutrient content, as well as the high annual rainfall of 2600 mm (Lépez-Castafieda, Zavala, Palma, Rincén,
and Bautista, 2022), the following is recommended: a) select crops adapted to the environment, such as citrus,
pineapple, cassava and pastures, as well as eucalyptus and rubber forest plantations (Lopez-Reyes et al.,
2016; Salgado-Garcia et al., 2017; Tinal-Ortiz et al., 2020); b) fractionally apply fertilization according to crop
development; and c) If the choice is to increase soil pH, the use of agricultural dolomite is recommended for
its calcium and magnesium content, and the use of wastewater with a high organic and nutrient load, such as
the vinasse generated in sugar/alcohol mills (Bautista-Zufiiga and Del Carmen Duran, 1998; Bautista-Zuniga, Del
Carmen Durén, and Lozano, 2000). Mineral fertilization is essential due to the low levels of exchangeable cations
and the limited content of primary minerals such as Ca?*, Mg?*, and K* in the silt and sand fractions.

Acrisols are classified as lll or IV in plains but are V and VI in hills (Palma-Lépez, Cisneros, Moreno, and Rincon,
2007); however, with good crop selection and better management of soil fertility, it will be possible to improve
one or two classes of agricultural use capacity.
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On the other hand, we find organic matter bound to sand, silt, and clay particles, forming organomineral
compounds, which is why organic matter retention is high. It has been reported that organic matter is retained
primarily in particles smaller than 20 microns (silt and clay) (Zhao, Sun, Zhang, and Yang, 2006; Claudio et al.,
2017, Matus, 2021). However, in this study, even sand particles can retain organic matter, perhaps due to iron and
aluminum minerals.

CONCLUSIONS

For the first time, the shape, size, and mineral and elemental composition of sand and silt particles in acidic
soils in Tabasco, Mexico, have been characterized. Although the techniques used in this study have been widely
reported for other soils around the world. Clay particles, such as kaolinite and iron and aluminum oxides, had
already been identified indirectly by low CEC and by chemical extractions, respectively; however, the presence of
these particles has now been confirmed by XRD. The presence of magnetite is reported for the first time.

The acidic soils of Tabasco are of great importance to local agriculture, unfortunately, their function was not well
understood. On the one hand, they are clayey soils, but on the other, they have low cation exchange capacity (CEC)
values, in addition to a low percentage of silt, and therefore low weatherable mineral reserves in the medium term.

The results of this work show that the sand particles presented irregular shapes, with silicon (Si) and oxygen
(O), probably quartz and aluminum (Al), as well as iron (Fe) and carbon present in low proportions. Due to the high
percentage of sand in the soil, there is no drainage problem.

Silt particles between 2 and 63 microns showed a sequence of elements of the type O> Al> Si> C> Fe> Ag>
Na> Ti> Mg> Ca, and organo-mineral compounds associated with primary and secondary minerals were also
found. The low percentage of silt to make thinking that the nutrient reserve in soil is low, which is consistent with
the widespread practice of adding lime.

The particles smaller than 2 microns are aluminosilicate as kaolinite, plus nanometric particles of gibbsite,
magnetite, and iron sesquioxide’s. Nanoparticles are found on the surface of the kaolinite. We find smectite but
only in the surface horizon and in low proportions.
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