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Inovagoes na Fertilizagdo do Solo e o Papel dos Remineralizadores.

RESUMO

Objetivo — Revisar o papel dos remineralizadores de solo (REM) na fertilidade de solos tropicais, com foco na CTC, no
carbono organico e no potencial de mitigagdo ambiental.

Metodologia — Revisdo bibliografica em bases cientificas (Web of Science e Google Académico), com sele¢do de estudos
sobre REM, CTC e dinamica do carbono.

Originalidade/relevancia — O estudo aborda lacunas sobre a geragdo de cargas e a estabilidade do carbono em solos
tropicais com REM, destacando sua relevancia para a agricultura sustentavel.

Resultados — Os REM aumentam a CTC, melhoram a disponibilidade de nutrientes e contribuem para a estabilizagdao do
carbono no solo.

Contribuigdes tedricas/metodoldgicas — Avango na compreensdo dos processos de biointemperismo e da interagdo entre
minerais e matéria organica no solo.

ContribuigGes sociais e ambientais — Redugdo da dependéncia de insumos quimicos, incentivo a rochagem e mitigacgdo
de impactos ambientais.

PALAVRAS-CHAVE: Sustentabilidade agricola. Manejo de Solos. P6-de-rocha

Innovations in Soil Fertilization and the Role of Remineralizers.

ABSTRACT

Objective — To review the role of soil remineralizers (REM) in tropical soil fertility, focusing on CEC, organic carbon, and
environmental mitigation potential.

Methodology — Literature review using scientific databases (Web of Science and Google Scholar), selecting studies on
REM, CEC, and carbon dynamics.

Originality/relevance — The study addresses gaps in understanding charge generation and carbon stability in tropical soils
amended with REM, highlighting its relevance for sustainable agriculture.

Results — REM increase CEC, improve nutrient availability, and contribute to carbon stabilization in soils.
Theoretical/methodological contributions — Advances in the understanding of bioweathering and mineral—-organic matter
interactions in soils.

Social and environmental contributions — Reduction in dependence on chemical inputs, promotion of rock-based
agriculture, and mitigation of environmental impacts.

KEYWORDS: Agricultural sustainability. Soil management. Rock powder

Innovaciones en la fertilizacidon del suelo y el papel de los remineralizantes.

RESUMEN

Objetivo — Revisar el papel de los remineralizadores del suelo (REM) en la fertilidad de suelos tropicales, con énfasisenla
CTC, el carbono orgénico y el potencial de mitigacion ambiental.

Metodologia — Revisidn bibliografica en bases cientificas (Web of Science y Google Académico), seleccionando estudios
sobre REM, CTCy dinamica del carbono.

Originalidad/relevancia — El estudio aborda vacios sobre la generacion de cargas y la estabilidad del carbono en suelos
tropicales con REM, destacando su relevancia para la agricultura sostenible.

Resultados — Los REM aumentan la CTC, mejoran la disponibilidad de nutrientes y contribuyen a la estabilizacién del
carbono en el suelo.

Contribuciones teéricas/metodolégicas — Avances en la comprensién del bioweathering y de la interaccidén entre
minerales y materia orgdnica en el suelo.

Contribuciones sociales y ambientales — Reduccion de la dependencia de insumos quimicos, fomento de la
remineralizacién y mitigaciéon de impactos ambientales.

PALABRAS-CLAVE: Sostenibilidad agricola. Manejo de suelos. Polvo de roca
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1 INTRODUCTION

11 TRADITIONALIST AGRICULTURAL PRACTICES AND THEIR ENVIRONMENTAL AND
ECONOMIC IMPACTS

Agriculture has played a central role in the development of civilization, adapting overtime
to meet growing population demands. Initially, soil fertilization techniques involved organic
materials such as ash and animal bones, reflecting an ecological unde rstanding of nutrient recycling
in a sustainable manner (Ciceri, 2015). However, the Green Revolution brought a profound
transformation with the introduction of syntheticfertilizers, driven by the synthesis of ammonia by
the Haber-Bosch process, significantly increasing agricultural productivity, especially after the
Second World War and from the 1950s onwards (Heffer & Prudd’homme, 2013).

Although the intensive application of synthetic fertilizers has resulted in significant
productivity gains, their unrestricted adoption has brought significant environmentaland economic
challenges. Figure 1 shows the evolution of soluble fertilizer imports in Brazil. The dependence on
these inputs led to the import of approximately 85% of the fertilizers consumed in the country in
2023, totaling almost 40 million tons (ANDA, 2024). In addition, the excessive use of soluble
fertilizers, conventional agriculture and extensive livestock farming contributed to the degradation
of soil organic matter, acidification, nutrient leaching, and greenhouse gas emissions (Buss et al.,
2024; Glorieux & Delmelle, 2022; Lopes et al.,2013). Intensive monoculture, largely sustained using
these fertilizers, has also resulted in soil compaction and a reduction in microbial biodiversity,
impacting soil fertility and resilience in the medium and long term (Derpsch, et al., 2024).

In this scenario, soil remineralization emerges as a promising alternative to reduce
dependence on imported inputs and mitigate the environmental impacts of conventional
agriculture. Soil remineralizers (REM) are mineral inputs derived from silicate rocks that have
undergone only mechanical crushing and grinding processes, without significant chemical or
thermal changes, and whose application aims to improve the chemical, physical, and biological
properties of the soil (Martins et al., 2023). Unlike synthetic fertilizers, which provide nutrients
immediately and in a highly soluble form, REM release nutrients gradually, favoring efficient
absorption by plants and reducing losses due to leaching.

In addition to direct agronomic benefits, REMs play a fundamental role in stabilizing soil
organic matter and increasing cation exchange capacity (CEC), positively impacting water retention
and the availability of nutrients essential for plant development (Crusciol et al., 2022). Studies
indicate that the application of these inputs can contribute to the formation of new mineral phases
with high surface charge, promoting greater interaction between the mineral fraction and organic
matter, which enhances carbon fixation in the soil (Santos et al., 2021). Thus, the strategic use of
remineralizers not only improves soil fertility but also acts as a carbon sequestration mechanism,
contributing to the mitigation of climate change.

Dependenceon syntheticfertilizers represents one of the greatest challenges for Brazilian
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agricultural sovereignty, since inputs such as potassium chloride (KCl) and phosphates are largely
imported from countries such as Russia, Canadaand Morocco (Al Rawashdeh, 2020). International
market volatility and geopolitical risks make this dependence a factor of economic vulnerability,
directly impacting agricultural production costs.

Figure 1 - Evolution of imports of industrial fertilizers (in megatons) in Brazil in the decade 2014-2023
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Source: (ANDA, 2024).

In this context, the use of local and regional inputs for soil fertility management emerges
as a viable and sustainable alternative. Brazil has a vast geological diversity that allows the use of
silicate rocks as regional sources of essential nutrients. Unlike conventional fertilizers, which are
highly soluble and subject to losses through leaching, remineralizers present a gradual dissolution,
allowing a continuous supply of elements such as calcium (Ca), magnesium (Mg), potassium (K) and
silicon (Si), which are essential for plant growth and the improvement of the soil's physical and
chemical properties (Martins et al., 2023).

Regional inputs include a variety of geological materials with agricultural potential, such
as basalts, biotite syenites, biotite schists, and phonolites, which have significant levels of nutrients
and high chemical and biological reactivity. Studies indicate that the minerals present in these
remineralizers interact with soil biota, favoring biological weathering processes and stimulating the
gradual release of nutrients over time (Swoboda et al., 2022). In addition, the use of these inputs
reduces the carbon footprint associated with the transportation of imported fertilizers,
strengthening local production chains and promoting the circular economy in agriculture.

The adoption of REM in tropical soils, such as highly weathered Latossolos, represents a
unique opportunity to improve soil fertility in a sustainable manner. Studies show that the
application of remineralizers can modify the proportion of variable and permanent loads in the sail,
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increasing CEC and providing greater efficiency in nutrient retention (Santos et al., 2021). In
addition, the interaction between freshminerals and the rhizosphere of plants stimulates beneficial
microbial activity, creating a virtuous cycle of improving soil quality and increasing agricultural
productivity (Bhattacharyya & Furtak, 2022).

The transition to a soil fertility management model incorporates remineralizers, a
reassessment of harmful agricultural practices, and the adoption of more integrated and regional
approaches. The process begins with bioweathering, in which primary minerals (originally from the
rock) are transformed by biological action into new minerals (Krahl et al., 2022). These minerals,
oftenintransition phases, have characteristics such as hydration, amorphous structure, and nature,
requiring a higher CEC and specific surface area (SSE) compared to primary minerals. Thus, in
addition to gradually providing essential nutrients, remineralizers stimulate weathering and
bioweathering processes, favoring the formation of new mineral phases with high surface charge
and improving soil CEC (Santos et al., 2021). Rapid leaching reduces their efficiency and contributes
to negative environmental impacts (Martins et al., 2023). Therefore, for better results in the
chemical attributes of soils treated with REM, biological activity is essential (Martins et al., 2023).
The action of remineralizers goes beyond the gradual supply of nutrients, being directly linked to
edaphoclimatic conditions and soil microbiota. Microorganisms, such as fungiand bacteria, intensify
bioweathering, promoting the release of essential elements and favoring the retention of cations,
chemical buffering, and mitigation of acidification and excessive leaching (Uroz et al., 2009). In
addition, silicate-rich remineralizers can stabilize organic carbon by forming organo-mineral
associations, contributing to carbon sequestration and improving soil structure (Zinn et al., 2005).
Therefore, their use should not be seen only as an alternative to soluble fertilizers, but as an
integrated strategy for agricultural sustainability, promoting soil biodiversity and synergy between
minerals and microorganisms. Combined with practices such as crop rotation and the addition of
organic matter, REM can strengthen more resilient agricultural systems (Ramos et al., 2022).

The implementation of these inputs must be guided by solid scientific criteria, considering
the chemicaland mineralogical composition of the remineralizers, as wellas their granulometry and
reactivity. Studies indicate that ground silicate rocks, such as basalts, biotite syenites and phonolites,
can increase the availability of potassium and other essential nutrients without the adverse effects
associated with syntheticfertilizers (Crusciol et al., 2022; Luchese et al. 2023). In addition, the use
of these inputs has shown potential to stabilize soil organic carbon, helping to mitigate CO,
emissions and build agricultural systemsthatare more resilient to climate change (Swobodaetal.,
2022).

The adoption of REMs should be integrated with other sustainable practices, such as crop
rotation, no-till systems, and the use of organic fertilizers, favoring the synergy between minerals,
organic matter, and soil microbiota. The interaction between REMs and soil biota plays a
fundamentalrole in the availability of nutrients, since the bioweathering process promoted by the
rhizosphere accelerates the dissolution of minerals and the release of essential elements to plants
(Krahl et al., 2022). Thus, efficient management must consider not only the chemical composition

174



-
E Lk rrmim T — = iranm CAr
] fr ( n [ Foi

0ronic Jourl

Iy v

urrl Ol

/F A \ Periodico Eletronico Forum Ambiental da Alta Paulista

ISSN 2966-2931 Suporte Online/OnlineSupport - ISSN 1980-0827 Suporte CD-ROM/CD-ROM Support

Edicdo em Portugués e Inglés / Edition in Portuguese and English -v.21,n.1,2025

of the inputs, but also the biological and physical conditions of the soil, ensuring its full functionality
over time.

In addition to the agronomic and environmental benefits, the valorization of regional
inputs contributesto reducing dependence onimported fertilizers, strengthening the autonomy of
producers and promoting an agricultural model that is less vulnerable to fluctuations in the
international market (Manning & Theodoro, 2020). With the regulation of REM by the Ministry of
Agriculture and Livestock (Brazil, 2016) and the growing acceptance of these inputs amongfarmers,
Brazil is positioningitself as a global reference inthe implementation of agricultural practices based
on soil remineralization (Martins et al., 2024).

Thus, the strategic use of REM can represent a new paradigm in Brazilian agriculture,
promoting greater efficiency in the use of regional resources and ensuring the sustainability of
agricultural production in the long term. By integrating geochemical, mineralogical and biological
knowledge on soil remineralization, this article seeks to contribute to the understanding of the
mechanisms of action of these inputs and their practical application in the construction of more
productive and resilient agricultural systems.

1.2 OBIJECTIVES

This article aims to investigate, through a literature review, the importance of using soil
remineralizers (SRM) in agriculture, their impacts on sustainable production and the capacity of
these materials to promote regenerative agriculture. The study aims to connect information on
fertility, cation exchange capacity (CEC) and organic carbon stabilization in soils treated with SRM,
in addition to the potential to mitigate greenhouse gas emissions, especially in the context of
tropical agriculture.

2. METHODOLOGY

To achieve the proposed objectives, a comprehensive literature review was carried out,
consulting the Web of Science and Google Scholar databases. Studies that address the relationship
between soilminerals and cation exchange capacity (CEC) were selected, aswellas the influence of
REM on this process. The focus of the analysis included changes in soil CEC because of REM, which
affects the retention of essential nutrients such as calcium, magnesium, and potassium in the
exchange complex (Santosetal., 2021; Krahl etal., 2022; Medeiros et al., 2023). In addition, studies
thatdiscuss the stabilization of soil organic carbon and the role of REM in mitigating greenhouse gas
emissions were included in the review. To assess soil organic carbon (SOC) and its stabilization,
articles that investigated the dynamics of SOC in relation to low-crystalline minerals and iron and
aluminum oxides, in addition to the interaction between organic matter and soil minerals, were
analyzed. The selection criteria included the methodology for adsorption and desorption of
dissolved organic carbon (DOC) and field experiments that addressed COS stabilization under
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different management conditions and soil types. The selection of studies considered the depth of
analysis, the suitability of experimental techniques and the relevance of the conclusions to
understand the impacts of remineralizers on COS stabilization. The analysis will also include a
discussion on how these practices can transform tropical soil management, providing more resilient
agriculture adapted to global climate change (Bottoni et al. 2024).

3. RESULTS

3.1 CATION EXCHANGE CAPACITY

CECis a fundamental measurementthatindicates the soil's ability to retain and exchange
cations, which are ions, such as potassium, or positively charged molecules, such asammonium,and
are essential for plant nutrition. Soils with a high CEC can retain a greater amount of cationic
nutrients and are therefore more fertile and betterable to support plant growth. CEC is influenced
by the amount and type of clay and organic matter present, as well as soil pH (Sposito, 2008).

The charges in the soil, which form the CEC, can be divided into two main categories:
permanent charges and variable charges. Permanent charges are generally associated with the
crystal structure of clay minerals, where isomorphic substitutions and broken edges occur in the
minerals that resultin an imbalance of electrical charges. On the other hand, variable charges arise
due to the adsorption or release of H* and OH  ions on the surfaces of clay minerals and organic
matter and are highly dependent on the pH of the medium (Parks & Bruyn, 1962; Sposito, 1984).

The formation of electrical charges in soils, therefore, results mainly from two distinct
mechanisms, which involve a combination of chemical and physical factors of the mineral surfaces.
First, there is the isomorphic substitution of high-valence ions for lower-valence ions in the
structural layers of secondary minerals. For example, the substitution of Sid+ for Al3+ in siloxane
groups generates structural (permanent) electrical charges, known as op (Bollan et al., 1999; Fontes
et al., 2001; Sposito, 2008). This process gives the surfaces a net negative charge, which facilitates
the electrostatic attraction of metal cations. In addition, the variation in the pH of the environment
promotesthe formation of variable electrical chargesthrough the protonation or deprotonation of
hydroxylgroups (OH-) on the mineral surfaces. Metal oxides and crystallite edges of phyllosilicates
are frequently involved in this type of charge, known as oH. As pH decreases, the protonation of
functional groups presents on the surface of minerals and in soil organic matter, such as hydroxyls
in iron and aluminum oxides, and carboxylic and phenolic groups in organic matter, increases the
net positive charge of the system. This process favors the retention of anions, such as phosphates,
sulfates and organic acids, through electrostatic interactions and specific bonds (Sposito, 2008;
Mikutta et al., 2007). In addition, these charges influence the adsorption and stabilization of organic
molecules, modulating their mobility in the soil profile and impacting processes such as carbon
retention and the availability of essential nutrients for plants.
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Organomineral adsorption mechanisms, influenced by mineral surface chemistry, can be
groupedinto different categories according to the charge present on mineral surfaces. Surfaceswith
variable charges, such as iron and aluminum oxides, can interact with organic matterthrough both
positive and negative charges, depending on the pHand composition of the soil solution (Schneider
etal., 2010). For example, in acidicsoils, amorphous aluminum hydroxides present a positive charge,
favoring the adsorption of anionic organic products, such as carboxylic and phenolic acids, through
electrostatic interactions and ligand exchange bonds (Mikutta et al., 2007). In addition, mineral
surfaces can certainly stabilize organic matter by reducing its microbial destruction, making organic
compounds less accessible to degradative enzymes (Newcomb et al., 2017). On the other hand,
negatively charged mineral surfaces, such as those of phyllosilicates, also play a fundamentalrole in
the stabilization of organic matter. Studies indicate that negative charges can promotethe retention
of organic molecules through cationic interactions and protective bridges, in addition to specific
interactions between functional groups of organic matter and reactive sites on the mineral surface
(Newcomb et al., 2017). These mechanisms reinforce the idea that the stabilization of organic
matter does not occur exclusively through adsorption to negative charges, but results from a
complex balance between different types of chemical and physical interactions at the
organomineral interface.

The presence of isomorphic substitution in many phyllosilicates generates surfaces with
permanent negative charges, while the absence of this substitution in other minerals, such as some
2:1 phyllosilicates and minerals from the kaolinite group, results in electrostatically neutral surfaces.
2:1 phyllosilicates, such as smectites, vermiculites and illites, have a crystal structure composed of
two tetrahedral layers of silicon intercalated by an octahedral layer of aluminum or magnesium,
giving them high cation exchange capacity and variable expandability (Theng, 2018), in addition to
isomorphic substitution in the octahedral and tetrahedral layer, which generates permanent
charges in the soil. On the other hand, minerals from the kaolinite group, such as kaolinite and
halloysite, have a 1:1 crystal structure, characterized by the repetition of a single tetrahedral layer
of silicon combined with an octahedral layer of aluminum. This structural configuration results in a
lower incidence of isomorphic substitutions, which, in turn, reduces the presence of permanent
charges on the surface of these minerals (SouzaJunioret al., 2007; Pereiraet al., 2021). Therefore,
kaolin group minerals have electrically neutral surfaces and low cation exchange capacity, becoming
less reactive for the adsorption of ions and organic molecules when compared to 2:1 type
phyllosilicates.

Although negative charges are traditionally associated with the stabilization of soil organic
matter, studies show that positive charges also play a crucial role in this process. In acidic soils,
minerals such as iron oxides (goethite, hematite) and aluminum (gibbsite) have positive charges due
to the protonation of their hydroxyl groups, favoring electrostatic interactions with negatively
charged organic compounds, such as carboxylic and phenolic acids (Schneider et al., 2010).
Furthermore, the stabilization of organic matter occurs through mechanisms other than
electrostatic interactions, including the formation of covalent complexes between organic
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functional groups and mineral surfaces. The binding of phosphates, for example, can directly
compete with the adsorption of organic matter, influencing its stabilization and availability in the
soil (Spohn et al., 2021).

The interaction between phosphorus and soil minerals has fundamental implications for
the dynamics of fertility and stability of organic matter. Phosphorus can form strong covalent bonds
with iron and aluminum oxides, reducing its availability to plants, while also influencing the
adsorption and release of dissolved organic matter. Studies show that the addition of phosphate to
soil can cause the destabilization of previously adsorbed organic matter, increase the concentration
of dissolved organic carbon and enhance its mineralization. This phenomenon is particularly
relevantin highly weathered soils, such as Latossolos, where competition betweenphosphorus and
organic compounds foradsorption sites on minerals can significantly alter soil carbon sequestration
processes (Spohn et al., 2021).

Furthermore, understanding these interactions is crucial to assess the dynamics of
minerals in remineralizers and their effects on soil surface charge and CEC, which are determining
factors for the reactivity and stability of organic compounds. Studies show that the permanent
charge of primary minerals, such as feldspars, varies according to their composition and crystal
structure (Kleber et al., 2021). Secondary minerals, such as 2:1 expansive clay, have a higher CEC
due to the presence of permanent negative charges associated with isomorphic substitutions.
Vermiculite and montmorillonite, forexample, have a high permanent charge, while kaolinite, with
a low CEC, has only variable charges (Churchman & Lowe, 2012). Iron and aluminum oxides, such as
goethite and gibbsite, have a low CEC, but form strong bonds with organic matterand phosphorus,
modulating the availability of these elements in the soil (Table 1).

The potential of remineralizers such as Syenite and others can contribute to the generation
of new charges in the mineral fraction of the soil, increasing its cation retention capacity and
mitigating these losses (Martins et al, 2023).

Table 1 - Cation Exchange Capacity (CEC) and Specific Surface Area (SSA) Parameters of Clay Minerals

Minerals Type op (mmol. kg?) oH (mmol. kg?) CTC (mmol. kg?) SSA (m2 g1)
Caulinita 1:1 - 20 @ 0ag80@ 7a80@
Gibbsita 1:1 - 200 pH dependent @ 1a100 @
Goethita 1:1 - 0al150@ pH dependent @ 40a90®
Vermiculita 2:1 140 @ 180a 220 @4 1200 a 1500 @ 600 a 800 @
Montmorilonita 2:1 700 ® 110 ® 800 a 1200 @ 650 a 800 @
Illita 2:1 105 @) 4021200 100 a 400 @ 20a200®
Alofana amorphous - 0a 1000 @ pH dependent @ 700 a 900 W

(1) Kleber et al., (2021); (2) Churchman and Lowe (2012); (3) Anderson and Sposito (1991); (4) Barshad (1948); (-)
undefined

Furthermore, cesium (Cs*) adsorption has been used as a method to quantify permanent
charges in soils, allowing the estimation of mineral reactivity under different soil and climate
conditions. Studies report permanent charge values ranging from 5.0 to 65.6 mmol. kg™ in
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Latossolos and Argisolos, evidencing mineralogical heterogeneity and its implications for soil fertility
(Weber et al., 2005; Busato et al., 2012; Cunha et al., 2014).

In this context, the loss of nutrients by leaching to deeperlayers of the soil that occurs is
because highly weathered soils, such as Latossolos, are due to the fact that they have low base
saturation due to the predominance of variable charges from aluminum and iron oxides, which
favors the mobility of essential nutrients, such as calcium, magnesium and potassium, especially
under conditions of high variations (Weber 2005; Santos et al., 2018).

The Latossolos of the Cerrado biome are known for their low naturalfertility, limited cation
exchange capacity (CEC) and high acidity. These characteristics are mainly due to the mineralogy of
the soils, with emphasis onthe 1:1 layer minerals, such as goethite, hematite and gibbsite, iron and
aluminum oxides formed by intense chemical weatheringin tropical conditions (Fontes etal., 2001,
Alleoniet al., 2009). These minerals have few available cation exchange sites, resultingin a reduced
CEC. The high contribution of organic matter, favored by the high temperatures and humidity of the
Cerrado, contributesto the reduction of its contribution to the CEC (Sposito, 2008). Studies such as
that of Tan and Dowling (1984), who removed organic matter using hydrogen peroxide,
demonstrated that this removal caused a significant reductionin CEC, evidencing the importance of
charges associated with organic active groups in cation retention (Figures 2and 3). The residual CEC
after removal of organic matter was mainly associated with permanent charges of mineral clays,
such as kaolinite and iron and aluminum oxides, confirming the limited nutrient retention capacity
of these soils. In this context, the mineralogy of Latossolos, particularly the 1:1 layer minerals, plays
a crucial role in determining fertility and the absorption capacity of nutrients such as phosphorus
(Essington, 2003; Uehara and Gillman, 1980). Management strategies, such as the application of
limestone and the preservation of organic matter, are essential to improve fertility and increase the
productivity of these soils (Reatto and Martins, 2005; Wilcke and Lilienfein, 2005).
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Figure 2: Organic ligands at mineral interfaces.

a Reactants | | b Foundation: bonding types

Cation bridging + exchange
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Mineral structures
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a) Mineral interfaces arise at a variety of spatial and topographic scales in soils and sediments, where
low molecular weight amphiphilic organic ligands can reach the solid-solution interface. b) Once in proximity, ligands can
adhere to mineral surfaces through one or several complexation mechanisms, based on permanent and variable surface

charge distribution and structural reactivity (Kleber et al., 2021)
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The application of finely ground biotite syenite in a Cerrado Latossolo resulted in
increased levels of available phosphorus and potential phosphorus, in addition to increased
permanent charges, favoring corn nutrition (Santos et al., 2021). Permanent charges, in turn,
are intrinsic to the mineral structure and do not vary with environmental conditions (Cunha et
al., 2014), while pH-dependent charges directly influence the cation exchange capacity (CEC),
affecting nutrient retention according to pH, clay content, and soil organic matter(Bortoluzziet
al., 2005). Thus, the interaction between mineralogy, organic matter, and management
practices, such as calculation and remineralization, is essential to optimize the fertility of
Cerrado Latossolos.

3.2 REMINERALIZERS AND THE RELATIONSHIP WITH CTC

Soil remineralizers (REM), as defined by Brazilian legislation (Law No. 12,890, 2013),
are mechanically ground mineral materials that have great potential to improve the cation
exchange capacity (CEC) of soils, promoting greater nutrient retention and making agriculture
more sustainable by reducing dependence on soluble fertilizers (Hinsinger et al., 2001; Bakken
et al., 2000; Duarte et al., 2013). The effectiveness of REM on soil fertility is directly related to
its mineralogy and the formation of new mineral phases over time. The rock grinding process
reduces particle size, exposing new reactive surfaces and increasing the specific surface area
(SSA). This expansion favors the interaction between minerals and the soil solution, intensifying
chemical weathering reactions and promoting the gradual release of essential nutrients.

The rhizosphere plays a fundamental role in this process, since the exudation of
organic compounds by the roots and microbial activity alter the chemical dynamics around the
REM particles. Organic acids, such as citric acid and oxalic acid, are released by the roots and act
to dissolve primary minerals, complexing cations and mobilizing nutrients such as potassium,
calcium and magnesium (Taiz and Zeiger, 2013). In addition, the preservation of organic matter
in the soil generates CO,, which, when reacting with soil water, forms carbonic acid, promoting
the weathering of the REM minerals and facilitating the progressive release of essential
elements. As weathering progresses, the primary minerals of the REM undergo structural and
chemical transformations, leading to the neoformation of secondary minerals, such as
vermiculite and hydrobiotite. These minerals have permanent charges and are directly related
to the increase in the soil CEC. Furthermore, the formation of amorphous and low-crystalline
minerals confers greater chemical reactivity to the system, improving cation retention and
providing improvements in the soil's physical-chemical attributes (Krahl et al., 2022).

The mineralogy of Latossolos, characterized predominantly by 1:1layer minerals, plays
a crucial role in the nutrient retention capacity (Figure 4). Due to the predominance of kaolinite
and iron and aluminum oxides, these soils have a naturally low CEC and high susceptibility to
leaching of essential cations. Management strategies, such as the application of limestone and
the preservation of organic matter, are essential to improve their fertility and productivity
(Essington, 2003; Uehara and Gillman, 1980; Reatto and Martins, 2005; Wilcke and Lilienfein,
2005).
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Inthis context, the use of REM can complement these strategies by providing essential
minerals that replenish nutrient stocks depleted overtime. By gradually releasing cations such
as potassium, calcium, and magnesium, remineralizers increase the availability of these
elementsin the soil, reducing leaching losses and favoring the maintenance of nutrientsin the
mineral fraction. This effectis particularly relevantin highly weathered tropical soils, where low
CEC and rapid cation removal pose achallenge to soil fertility (Manning & Theodoro, 2020; Krahl
etal., 2022; Martins etal., 2023). Thus, the application of remineralizers can contribute to more
efficient soil fertility management by providing a gradual supply of nutrients and promoting the
chemical stability of the agricultural system over time.

Figure 4 - Main characteristics of agricultural soils in temperate (Mollisols- Chernossolos) and tropical (Latossolos)

climates.

Organic matter
Ca?* Mg®* K* Na*

PO SO NO,

1:1 minerals
Fe and Al oxides
and hydroxides

2:1 minerals

Mollisols Oxisols

Source: Krahl et al., 2022.

The influence of different rates of biotite-syenite in a Red-Yellow Latossolo in a
greenhouse was verified and it was found that, without the addition of remineralizer, variable
loads predominated, composing 20 mmol. kg™ of soil while permanentloads were 5 mmol, kg
of soil (Santos etal., 2021). These surface load values are like those found in other studies that
also usedthe Cs* adsorption method to quantify these loads in Latossolos (Busato et al., 2012;
Weberetal., 2005). The addition of remineralizer significantly increased permanent loads at the
highest rate used (2.4 ton hal), remaining high after the first corn cultivation cycle, without
altering variable loads (Santos etal., 2021). This increase can be explained by the grinding of the
rock, which increases the surface area of the minerals, and by the biochemical action of the
rhizosphere, which releasesions and forms new minerals with permanent charges (equation 1).
Although the dissolution of the remineralizer is slow and does not significantly alter the total
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contents of Fe?*/3* and AP* in the soil, the soluble fractions of these elements may increase
when verified by chemical extractors. This mobilization may depend on the availability of
nutrients and the formation of new compoundsin the soil. In addition, the presence of 2:1 and
1:1 clay minerals may increase negative charges, contributing to the retention of cations and
detrimental to leaching losses. However, due to the low rates applied, the mineral
transformations promoted by remineralizers may occur in situations below the detection and
determination limit of direct instrumental techniques, such as X-ray diffractometry (XRD), which
generally detects only mineral phases presentabove 1% by mass (Konig et al., 2002). Thus, the
characterization of the influence of remineralizers on soil requires indirect approaches, such as
the determination of cation exchange capacity (CEC), the evaluation of soil pH, the analysis of
the mineralogy of the surface horizon and the monitoring of the dynamics of nutrients, such as
phosphorus and potential. These methodologies allow a more detailed understanding of the
effects of the application of remineralizers in the long term, even when the mineral
transformations are subtle and not directly detectable by conventional techniques.

However, agreenhouse experiment with successive corn cycles and different rates of
remineralizers mixed with sand investigated the release of elements and the formation of new
minerals by bioweathering in the rhizosphere, using basaltic rocks, biotite schist and biotite
syenite. The results showed that the ground rocks provide nutrients to plants, with elements
such as K, Ca, Mg and others present in the dry matter. XRD analysis indicated that basalt
maintained its mineralogy, while the weathering of biotite resulted in the formation of
hydrobiotite, being more pronounced in biotite schist, which also showed greater dry matter
production and nutrient accumulation. The CEC increased significantly in biotite schist, which is
particularly relevant for tropical soils with low cation retention. According to equation 1,
weathering of biotite can lead to the formation of vermiculite, a mineral with high CEC and ASE
(Acker & Bricker 1991; Holgersson et al., 2024; Krahl et al., 2022).

2KMg;FeAlSi;0,0(0H),(s) (biotita) +8H,0(aq) > MgsFe,AlLSi,01,(OH),% (vermiculite) (s) + 2K*
(aq) + 4H,5i04(aq) + 3Mg(OH),(aq)
Equation 1 - Biotite to vermiculite transformation reaction in the presence of water: This equation describes the
chemical reaction where biotite (a silicate mineral) reacts with water to form vermiculite, potassium ions, silicic acid
and magnesium hydroxide.

These results reinforce the potential of REM, especially those rich in biotite, in
improving the fertility of tropical soils, as demonstrated by increased CEC and higher biomass
production. The formation of new minerals, such as hydrobiotite, indicates that plant-induced
bioweathering not only releases essential nutrients but also promotes changes in soail
physicochemical properties (Krahl et al., 2022; Martins et al., 2023).

Thus, the continuous use of REM can act as a complementary strategy in agricultural
management, contributing to improving nutrient availability over time. Although they do not
completely replace soluble fertilizers, these materials can reduce the need for frequent
applications, promoting more balanced nutrition for crops and favoring more sustainable
agricultural practices. This advance is particularly relevant in regions with highly weathered soils,
where low nutrient retention represents a constant challenge.
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3.3 SOIL ORGANIC CARBON AND ITS STABILIZATION

Soil carbon (SC) is presentin organic and inorganic forms. Soil inorganic carbon (SIC) is
composed of alkali cation carbonates (Bronick & Lal, 2005; Wang et al., 2013). Globally, soils
contain approximately 2,500 Gigatonnes (Gt) of carbon, of which 1,550 Gt is SOC and 950 Gt is
SIC up to 1 m depth (Figure 5; Lal, 2008). Small variations in SIC content can have large impacts
on the global carbon cycle and climate, given that the amount of carbon stored in soil is three
times greater than that in terrestrial vegetation and the atmosphere (Schlesinger & Andrews,
2000). SOC is essential for soil health and agricultural sustainability, and its stabilization is
fundamentalfor carbon sequestration and climate change mitigation (Lehmann & Kleber, 2015;
Six et al., 2002). The interaction between low-crystalline minerals, such as amorphous minerals
and iron and aluminum oxides, facilitates the stabilization of soil organic matter (SOM) through
the adsorption of organic compounds, especially in tropical soils, where these minerals are
predominant. These organomineral associations increase carbon retention in the soil,
decreasing its mineralization and prolonging its residence time, being essential for mitigating
greenhouse gas emissions and promoting ecosystem sustainability (Carvalho et al., 2023).
Furthermore, there is a direct relationship between soil organic matter management and the
global carbon cycle, which impacts the dynamics of SOM use. The alteration of soil mineralogy
promoted by these inputs can influence the formation and stability of organomineral
associations, contributing to a negative balance in CO, emissions and favoring the mitigation of
climate change (Buss et al., 2024; Kottegodaetal., 2023; Guoetal., 2023; Carvalho et al., 2023).

Interactions between organic matter and minerals occur only through adsorption,
which physically binds organic matterto the mineral surface, and occlusion, which encapsulates
organic matterin aggregates or micropores, protecting it from microbial degradation and abiotic
processes (Kleber et al., 2015b). In addition, the formation of organomineral complexes
contributes significantly to the sequestration and stabilization of carbon in the soil, influencing
the global carbon cycle and soil fertility (Kleber et al., 2021). Amorphous minerals play an
essentialrole in carbon retention, as they have high chemical reactivity and a large surface ares,
facilitating the adsorption of organic compounds and their mineralization. In addition, these
minerals may depend on the availability of nutrients by interacting with essential cations and
anions, forming complexes with phosphorus, sulfur, and micronutrient metals, which can reduce
leaching losses and increase the efficiency of nutrient use by plants (Chi et al., 2022). Minerals
such as phyllosilicates, smectites, and iron and aluminum oxides also influence the stabilization
of soil organic carbon (SOC), with soils rich in smectites presenting greater stabilization due to
their high specific surface area and cation exchange capacity (CEC), favoring the retention of
organic matter and essential nutrients (Jobbagy & Jackson, 2000; Wang et al., 2020).

Stabilization of COS, which is essential for carbon sequestration and climate change
mitigation, can be physical, chemical or biological. Physical protectioninvolves the segregation
of organic matter within soil aggregates, hindering decomposition (Schmidt et al., 2011).
Chemical stabilization occurs through interactions with minerals such as phyllosilicates and iron
and aluminum oxides, while biological stabilization results from the incomplete decomposition
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of organic matter by microorganisms, forming stable organic compounds (Kleber et al., 2015a;
Dungait et al., 2012).

Figure 5 — Major global C reservoirs and fluxes between them
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Clay mineralogy is a crucial factor in soil organic carbon (SOC) stabilization, with
minerals such as kaolinite, illite, and montmorillonite exhibiting different carbon buffering
capabilities (Guo et al., 2024). Smectite-dominated soils tend to stabilize SOC better than
kaolinite-dominated soils due to the higher CEC and SSA of smectite (Cotrufo et al., 2015).
Furthermore, soil minerals affect carbon lability, influencing the ease with which it can be
decomposed and released as CO, (Lehmann & Kleber, 2015). Allophanic and chloritic soils, for
example, show lower SOC lability than kaolinitic and smectitic soils, contradicting the idea that
smectites are more effectivein stabilizing carbon (Kleberetal., 2015a). The interaction between
organic matterand soil minerals occurs through mechanisms such as ligand exchange, cationic
bridges, electrostaticattraction and van der Waals forces (Wangetal., 2013), which determines
the stability of soil organic matter (SOM) and its resistance to decomposition (Dungait et al.,
2012).

In addition to silicates, secondary minerals such as iron and aluminum oxides play an
important role in stabilizing SOC, forming complexes with SOM that increase its stability (Torn
etal., 1997). Studying dissolved organic carbon (DOC) sources, Benke et al. (1999) demonstrated
that goethite has a high affinity for DOC, while Bednik et al. (2023) showed the influence of
biochar on carbon dynamics in silty loam soils. Nguyen and Marschner (2014) observed that DOC
sorption was lower in soils with higher total organic carbon (TOC) content and lower iron and
aluminum concentrations, illustrating the complexity of interactions between DOC and soil
minerals.
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Studies of DOC adsorption and desorption in different soils reveal significant variations
according to the type of mineral, including iron oxides, and the influence of DOC loss due to the
priming effect (Kuzyakov & Domanski, 2000). Field experiments indicate that clay addition
increases soil organic carbon through carbon incorporation into macroaggregates, especially
with plant growth, suggesting effective strategies for short-term carbon sequestration
(Churchman et al., 2020).

Adopting sustainable agricultural practices, such as crop rotation, use of cover crops,
and application of organic composts, can improve COS stabilization. Enhanced rock weathering
and the use of REM emerge as promising strategies to increase soil carbon sequestration
capacity, with future studies needed to better understand the interactions between
remineralizers and COS stabilization (Cotrufo et al., 2015). The impact of REM on soil mineralogy
and nutrient release combined with organic matter and mineral-solubilizing microorganisms is
a growing area of research, especially relevant for climate change mitigation strategies and a
sustainable option in developing countries (Basak et al., 2022).

4, CONCLUSIONS

The results obtained suggest that soil remineralizers (REM) can influence the cation
exchange capacity (CEC) and contribute to the stabilization of soil organic carbon (SOC). The
interaction between minerals derived from remineralizers, organic matter, and iron and
aluminum oxides has beenidentified as a relevant factor in the retention of charges and in the
modification of the physicochemical properties of the soil (Santos et al., 2021). Thus, the
addition of these inputs can favor the formation of new mineral phases with high surface charge,
increasing the soil's potential to store nutrients and stabilize carbon. However, the magnitude
of these effects can vary according to the mineralogical composition of the REM, the
granulometry, and the management conditions, indicating the need for additional studies to
guantify these interactions in different agricultural systems.

Furthermore, the influence of REM on COS stabilization should be considered in the
context of weathering and bioweathering dynamics. As demonstrated in previous studies, the
gradual release of nutrients and the interaction between fresh minerals and soil biota can
stimulate processesthatincrease carbon retention and improve soil structure (Swobodaetal.,
2022). However, more long-term experiments are still needed to assess how these interactions
develop underdifferent soiland climate conditions and land use. Thus, this study contributes to
expanding the understanding of the mechanisms by which REM can act as agents promoting soil
fertility and carbon stability, reinforcing the importance of integrated approaches for more
sustainable management of tropical soil fertility.

However, it is important to emphasize that, despite the benefits, more field studies
are still needed to evaluate the long-term effects and economic viability of using REM in
different soil and climate conditions. As new research advances, it is expected that the use of
REM will become consolidated as an essential practice for sustainable agriculture, contributing
to greaterresilience of agricultural systems and the preservation of naturalresources, especially
in tropical regions.
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The literature analyzed provided information on the role of REM in the stability of
organic matter and its contribution to more sustainable agriculture, with less dependence on
externalinputs and greater efficiency in preserving ecosystems and maintaining biogeochemical
cycles (Buss et al., 2024; Glorieux & Delmelle, 2022).
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