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Abstract: Silicate agrominerals (SA) may be sustainable soil amendments that can min-
imize dependence on conventional fertilizers (CF). We evaluated the residual effects of
SA application as a source of Si and as a soil remineralizer, using soils with contrasting
chemical-physical features cultivated with soybean. The experiment was conducted under
greenhouse conditions and treatments were arranged in a 5 × 2 + 2 factorial scheme: five
rates of SA, two soils in addition to CF. The soil was incubated before cultivation, followed
by the sequential sowing of corn and soybean. At the R4 phenological stage, when the pods
were fully developed, soybean plants were harvested for anatomical leaf tissue analysis
and P, Ca, Mg, and Si accumulation. After harvest, the soil was analyzed. Application of
SA rates reduced potential acidity (H + Al) and exchangeable acidity (Al3+) and increased
soil pH, sum of bases (SB), cation-exchange capacity (CEC), and base saturation (BS), in
addition to promoting the nutrient’s availability and Si. Stomatal density was higher on
the adaxial face of plants cultivated in the medium-textured soil. Silicate agrominerals can
be used as a soil acidity corrector and remineralizer, improving the root environment and
increasing the availability of nutrients and silicon.
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1. Introduction
Soybean’s (Glycine max L.) nutritional value, versatility in food production, industrial

applications, and environmental benefits make it a globally important crop. Soybean
production and consumption is essential for food security, sustainable agriculture, and
human health [1]. This is the reason why its cultivation has seen a significant uptick globally
over the last decade. If we take into account the last decade (2013–2023), numbers are
impressive. Global soybean hectarage increased by 10%, reaching 121 million hectares
during this time. Its production surged by 25% during the same period, reaching 389 million
metric tons. The average soybean yield per hectare improved by 15%, reaching 3.22 metric
tons [2].

In Brazil, soybean occupies 44.1 million hectares (37% of the global soybean cultivated
areas) and is the country’s main agricultural export product. In the 2022/2023 harvest, the
country achieved a record production of 154.6 million tons, an increase of 23.2% compared
to the 2021/2022 harvest, making Brazil the world’s leading soybean producer [3].

For grain production to reach higher productivity in the coming decades, one of the
most important components is the use of fertilizers. However, due to the scarcity and
increasing price of mineral fertilizers, which occurred as a result of the oil market, currency
devaluation against the dollar, and the conflict between Russia and Ukraine [4], the extreme
dependence of the national supply on the external fertilizer market became evident [5].
Price fluctuations cause variations in production costs, leading to changes in agricultural
planning and, consequently, pose risks to food security [6]. Therefore, alternative sources
are becoming increasingly essential, with the aim of maintaining soil fertility, promoting
crop development, and contributing to environmental preservation.

The search for locally or regionally available mineral sources with a lower impact [7] on
production costs and environmental risks is essential to make agricultural systems viable. In
this sense, these sources should reduce the use of mineral fertilizers [8], contributing to the
remineralization of low-fertility soils and promoting the increase in soil pH, cation-exchange
capacity (CEC), sum of bases (SB), and base saturation (BS) values [9,10]. Therefore,
researchers should enhance the search for products with better nutritional quality [11],
increase the capture of atmospheric CO2 [12–14], recover degraded areas [15] and contribute
to the use of silicate agrominerals (SA) in agriculture. This practice can be employed globally
and make use of local geology, especially in countries with rock mining activity [16].

In tropical environments, the low solubility of agrominerals can be an advantage,
as they promote residual effects in successive crops or perennial plants, increasing CEC,
resulting from the formation of secondary minerals and minimizing nutrient losses due to
leaching in the soil solution [17]. Conversely, soluble fertilizers, where the interaction of
soil factors, due to low CEC and climate, as a result of high rainfall, make nutrients more
susceptible to leaching processes [18].

Food production is directly impacted by lower soil quality, as it reduces the productive
potential of crops [19]. To enable the use of these soils, the use of silicate fertilizers has
been intensified, as Si ensures greater tolerance to water deficit and salinity, reduces the
absorption of potentially toxic elements (PTE) and the plant’s transpiration rate, and
increases mechanical resistance to the penetration of pathogens [20], guaranteeing greater
stability in plant production. However, there is a scarcity of research related to the use of
SA as a source of Si and/or soil remineralizer.

Although some positive effects of agrominerals have already been reported [21,22],
there is no scientific information to recommend them as nutrient sources or soil conditioners
for agriculture [23]. This study hypothesizes that the residual effect of SA rates in soils with
different textures and mineralogy will improve fertility levels, provide Si, and lead to the
accumulation of this element in the shoots, causing alterations in the soybean leaf anatomy.
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The objective of this study was to evaluate the residual effect of SA rates as a source of
Si and as a soil remineralizer, using infertile tropical soils with contrasting physical and
chemical features cultivated with soybean.

2. Materials and Methods
2.1. Greenhouse Experiment

The experiment was conducted in a Pad and Fan greenhouse (maximum temperature
of 30 ◦C and controlled humidity) over 190 days. Sixty days were used for the incubation
of SA at contrasting rates and soils, followed by fifty days for the cultivation of maize in the
incubated soils (as a crop preceding soybean) and eight days for the cultivation of soybean,
counted from the beginning of emergence.

2.2. Soil Features

The soil surface horizons (Ap; 0.0–0.2 m depth) of a Typic Quartzipsamment (TQ) and
Rhodic Hapludox (RH), i.e., two contrasting soils in terms of physical-chemical features,
were collected for the experiment. Chemical and physical soil attributes were determined
according to the methods used by Raij et al. [24] and Teixeira et al. [25], respectively, and
are described in Table 1.

Table 1. Physical 1 and chemical 2 features of the soil surface horizons of the Typic Quartzipsamment
(TQ) and Rhodic Hapludox (RH) used for the experiment (mean ± Standard Deviation (SD); n = 3).

Features Units
Soils 3

TQ RH

pH (CaCl2) - 4.4 ± 0.0 3.9 ± 0.0
Soil organic matter

(SOM) g kg−1 12 ± 0.0 13 ± 0.0

P mg kg−1 2 ± 0.0 3 ± 0.0
K mmolc kg−1 0.4 ± 0.1 0.3 ± 0.1
Ca mmolc kg−1 3 ± 0.0 1 ± 0.5
Mg mmolc kg−1 3 ± 0.6 1 ± 0.0
Al mmolc kg−1 4 ± 0.6 11 ± 1.0

H + Al mmolc kg−1 25 ± 0.0 36 ± 2.3
SB mmolc kg−1 6.4 ± 0.6 2.3 ± 0.5

S-SO4 mg kg−1 5 ± 0.6 4 ± 0.6
CEC mmolc kg−1 31.4 ± 0.6 38.3 ± 1.8
BS % 20 ± 1.7 6 ± 1.7
B mg kg−1 0.10 ± 0.0 0.18 ± 0.1

Cu (DTPA) mg kg−1 1.4 ± 0.1 0.9 ± 0.1
Fe (DTPA) mg kg−1 24 ± 1.0 24 ± 1.0
Mn (DTPA) mg kg−1 3.5 ± 0.2 7.2 ± 3.1
Zn (DTPA) mg kg−1 0.1 ± 0.0 0.2 ± 0.1

Si 4 mg kg−1 2.91 ± 0.1 2.11 ± 0.5
Sand (>0.05 mm) g kg−1 774 ± 5.1 675 ± 3.2

Silt (>0.002 e < 0.05 mm) g kg−1 35 ± 6.6 63 ± 4.0
Clay (<0.002 mm) g kg−1 191 ± 2.6 262 ± 4.3

1 [25]. 2 [24]. 3 air-dry basis values. 4 [26]. SB = sum of bases. CEC = cation-exchange capacity. BS = base aturation.

2.3. Silicon-Based Agromineral

A geochemical, mineralogical, and chemical characterization of SA was performed to
evaluate its potential as a soil remineralizer, according to Normative Instruction (NI) No. 5
of 10 March 2016 [27]. Its composition is: SiO2 = 49.86%; Al2O3 = 12.63%; Fe2O3 = 13.80%;
CaO = 10.42%; MgO = 5.67%; Na2O = 2.29%; K2O = 0.98%; MnO = 0.22%; P2O5 = 0.30%
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and TiO2 = 1.89%. The sum of bases (CaO + MgO + K2O) in the material reaches a
content of 17.41% and that of potassium oxide (K2O) 1.40%. Thus, SA meets the minimum
criteria regarding the sum of bases being equal to or greater than 9% and potassium
oxide (K2O) being equal to or greater than 1% [27]. PTE arsenic (As), cadmium (Cd),
and lead (Pb) are found at levels below 1.0 mg kg−1 and mercury (Hg) levels below
0.1 mg kg−1. Consequently, all PTE content is below the maximum permissible limits
(As = < 0.1 mg kg−1; Cd = < 10 mg kg−1; Pb = < 200 mg kg−1 and Hg = < 0.1 mg kg−1),
allowing their use in the soil environment [27].

2.4. Experimental Design

The experimental unit consisted of a polyethylene pot filled with 5 kg of soil (TQ or
RH). A randomized complete block design with four replications was used. Treatments
were generated from a 5 × 2 + 2 factorial scheme, consisting of five rates of SA (0; 750;
1500; 3000, and 6000 mg kg−1 equivalent to 0; 7.5; 15; 30 and 60 Mg ha−1) and two soils
(sandy texture—TQ and medium texture—RH) (Table 2), in addition to two additional
treatments: (i) TQ = application of lime + conventional mineral fertilization (L + CMF),
without SA application; and, (ii) RH = L + CMF, without SA application. Soil agrominerals
treatments did not receive lime application. In the additional treatments, BS was increased
to 60% [28]. Thus, mixtures of CaCO3 and MgCO3, in the form of agricultural lime (Relative
total neutralizing power—PRNT = 90%), were used, maintaining a Ca:Mg ratio of 3:1, with
2.77 g of agricultural lime applied to pots containing TQ soils and 4.32 g to pots containing
RH soils.

Table 2. Experimental design explanation (TQ: Typic Quartzipsamment; RH: Rhodic Hapludox;
values in brackets stand for Mg ha−1 of applied SA).

Block 1 Block 2 Block 3 Block 4

TQ (30) RH (15) TQ (7.5) RH (30)
RH (15) TQ (60) RH (0) TQ (15)
TQ (0) RH (0) RH (60) TQ (60)

RH (7.5) TQ (30) TQ (L + CMF) RH (7.5)
RH (60) TQ (15) TQ (15) TQ (L + CMF)
TQ (7.5) RH (30) RH (30) RH (0)

RH (L + CMF) TQ (L + CMF) RH (15) TQ (7.5)
TQ (L + CMF) RH (L + CMF) TQ (60) RH (L + CMF)

TQ (15) RH (7.5) RH (L + CMF) RH (15)
RH (30) TQ (7.5) TQ (30) TQ (0)
TQ (60) TQ (0) TQ (0) TQ (30)
RH (0) RH (60) RH (7.5) RH (60)

After the application of SA and the corrective material (application of lime), the soil
samples were homogenized, packed in plastic bags, and incubated for 60 days. During this
period, the soils were maintained at approximately 70% of their water-holding capacity.
Following incubation, maize was cultivated for 50 days.

Soybean (cv. TMG 7063 IPRO) seeds were sown in pots filled with 5 kg of soil from
the previous phase. Six seeds were sown per pot, and thinning was performed nine days
after emergence (DAE), leaving three plants per pot.

A 100 mg kg−1 application of N (ammonium sulfate), 100 mg kg−1 of P (monoammo-
nium phosphate), and 50 mg kg−1 of K (potassium chloride) was applied as a pre-sowing
fertilization according to Malavolta [29]. In addition, a micronutrient solution (0.5 mg kg−1

B as boric acid, 2.0 mg kg−1 Cu as copper sulfate, 4.0 mg kg−1 Zn as zinc sulfate, and
3.0 mg kg−1 Mn as manganese sulfate) was applied [29] prior to soybean sowing.
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Shortly before sowing, soybean seeds were treated with the fungicides thiophanate-
methyl + pyraclostrobin (5 g + 45 g a.i. per 100 kg of seed) and the insecticide fipronil
(50 g a.i. per 100 kg of seed). After drying, the seeds were inoculated with strains SEMIA
5019 (Bradyrhizobium elkanii) and SEMIA 5079 (Bradyrhizobium japonicum), guaranteed at
5 × 109 colony-forming units (CFU) per g, at a rate of 100 g of peat per 50 kg of seeds,
with 1% sugar added to the slurry, in a clean mixer to incorporate the seeds. This proce-
dure was carried out one hour before soybean sowing. Additionally, a foliar application
of 200 mL ha−1 of the liquid commercial fertilizer GeoCoMo was applied to the seeds,
providing 2.72 and 27.2 g ha−1 of Co and Mo, respectively.

2.5. Plant
2.5.1. Plant Height, Chemical Analysis, and Dry Matter Production of Soybean
Aboveground Biomass

At 50 DAE, plant height (cm) was measured.
Soybean plants were cut at ground level at 80 DAE, reproductive stage R4 [30]. Sam-

ples were washed with running water, placed in paper bags, and dried in a forced-air oven
at 60 ◦C for 72 h. After drying, all material was weighed to obtain dry matter yield and
then ground in a Wiley mill for the determination of Ca, Mg, and P content according to
Malavolta et al. [31]. Calcium and Mg content were determined by atomic absorption spec-
trophotometry (Perkin-Elmer, AAS-700, Norwalk, CT, USA), and P content by colorimetry
method. Calcium, Mg, and P accumulations (mg per plant) were calculated based on Ca
content in the shoot (g kg−1) and dry matter of the shoot (g per plant) of each treatment.

2.5.2. Silicon Analysis in Plants

Silicon (Si) content in soybean plant samples was determined according to the analyti-
cal protocol described by Pereira and Korndörfer [26]. For extraction and digestion, 0.1 g
of ground plant material was weighed into 100 mL polypropylene tubes, followed by the
addition of 2 mL of H2O2 (300 or 500 g L−1) and subsequent agitation (magnetic stirrer) for
a few seconds. Then, 3 mL of NaOH (500 g L−1) was added, and the mixture was agitated
again. To reduce foaming, three drops of octanol were added.

The tubes were placed in a water bath for approximately 1 h. Once all extracts/samples
had ceased releasing gases, the top of the tubes were covered with aluminum foil, and the
tubes were autoclaved for 1 h at 123 ◦C and 1.5 atm. If the material (leaf tissue) was not
completely digested, an additional 2 mL of H2O2 (300 or 500 g L−1) was added, and the
tubes were autoclaved for another hour. After autoclaving, 45 mL of distilled water was
added. The extract was then transferred to a labeled plastic flask and allowed to stand until
the residue settled to the bottom.

Determination was performed using the molybdenum blue method (with bisulfite).
For the samples, a 1 mL aliquot of the supernatant was pipetted into a 50 mL plastic cup
and diluted with 19 mL of distilled water (note that the total volume of extract plus water
should always be 20 mL). Then, 1 mL of 20% HCl (reagent A) was added to the plastic cups
(50 mL) with gentle shaking. Subsequently, 1 mL of reagent B (ammonium molybdate) was
added and gently shaken for 5 min. After this period, 2 mL of reagent C (20% tartaric acid)
was added and allowed to stand for 2–3 min, and finally, 2 mL of reagent D (SASS—sulfonic
acid and sodium sulfite) was added, after which the absorbance was measured at 630 or
670 nm in a spectrophotometer after 30 min. Silicon accumulation (mg per plant) was
calculated based on the silicon content in the shoot (g kg−1) and dry matter of the shoot (g
per plant) of each treatment.
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2.5.3. Anatomical Analysis of Plant Tissue

Anatomical studies and scanning electron microscopy (SEM) were conducted on
treatments that received the equivalent of 0, 30, and 60 Mg ha−1 rates of SA. Leaves from the
tenth node of soybean plants were collected at 50 DAE. Samples were fixed in formaldehyde,
acetic acid, and 70% alcohol for 48 h according to Johansen [32]. Subsequently, they
were preserved in 70% alcohol. Leaf samples were also dehydrated in an ethanol series,
embedded in hydroxyethyl methacrylate (Leica Historesin), and the obtained blocks were
sectioned using a rotary microtome at 8 µm thickness. The material was stained with 0.05%
toluidine blue in phosphate-citrate buffer pH 4.5 according to the methodology described
by Sakai [33], and the slides were mounted in “Entellan” synthetic resin. Photomicrographs
of the materials prepared on slides were taken using an optical microscope coupled to a
camera for image acquisition, with the micrometer scales photographed and magnified
under the same optical conditions.

Scanning electron microscopy allowed for the description of the leaf cuticle and other
epidermal appendages, as well as the evaluation of stomatal density. For this purpose,
fixed soybean leaf samples were dehydrated and dried at the critical point of CO2. Inside
the chamber, the expansion of this gas increases the pressure, which rises above the critical
pressure of CO2 (73 atm), and maintains the temperature above 31 ◦C, thus eliminating
the risk of gas liquefaction according to Dedavid et al. [34] The samples were removed
dry from the chamber, without any alteration in their shape, and were mounted on an
aluminum stub using double-sided carbon tape and coated with a 30–40 nm gold layer. The
analyses and image digitization were performed on a Zeiss EVO/LS15 SEM operated at
20 kV with scales printed directly on the micrographs. Stomatal density, number of stomata
per unit leaf area, was evaluated at a magnification of 1000× by counting the number of
stomata per mm2.

For the analysis of leaf tissues, histological slides of soybean leaves were obtained for
each SA treatment. These photos were subjected to image analysis using the Digimizer
program, which allows for the measurement in micrometers of the thickness of the adaxial
and abaxial epidermis, lacunose parenchyma, and palisade parenchyma.

2.6. Soil
2.6.1. Chemical Analysis

After 190 days of SA application, soil samples were collected after removing soybean
shoots to assess their chemical attributes and nutrient content according to analytical
protocols described by Raij et al. [24]. pH was determined potentiometrically in air-dried
fine earth suspensions in 0.01 mol L−1 CaCl2 solution at a soil-solution ratio of 1:2.5.
Exchangeable Al3+ was extracted with 1 mol L−1 and then titrated with 0.025 mol L−1

NaOH. Exchangeable Ca2+ and Mg2+ were extracted by ion exchange resin and quantified
by atomic absorption spectrophotometry (AAS). Exchangeable K+ and P were also extracted
by resin, with K+ determined by flame photometry and P by colorimetry methods. Potential
acidity (H + Al) was estimated using the Shoemaker–McLean–Pratt (SMP) pH method.
With these results, the CEC at pH 7.0 and base saturation (BS) were calculated.

2.6.2. Soil Available Silicon Analysis

Available Si in the soil after soybean cultivation was determined according to the
methodology described by Pereira and Korndörfer [26]. For this purpose, in the pre-
treatment, soil samples were dried in a forced-air oven at 45 ◦C until reaching a constant
mass and then manually ground. Silicon extraction was performed with a 0.01 mol L−1

calcium chloride solution. Ten grams of soil were weighed and added to 100 mL of the
extracting solution in a plastic flask (150 mL). Then, it was shaken in a horizontal shaker
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at 50 rpm for 1 h. After this period, it was necessary to wait for 15 min for the material
to settle, and then the suspension was filtered and left to stand overnight (>12 h). For
sample determination, a 10 mL aliquot of the extract (filtrate/decantate) of each sample
was pipetted and placed in a 50 mL beaker or plastic cup.

For the standard determination (0; 0.4; 1.0; 2.0 mg L−1 of Si), 0, 2, 5, and 10 mL of
a 20 mg L−1 Si standard solution were pipetted into 100 mL volumetric flasks, and the
volume was adjusted to the mark with distilled water. A 10 mL aliquot of each standard was
transferred to a 50 mL beaker or plastic cup. To the plastic cups containing the standards
and samples, 1 mL of sulfomolybdic solution (H4SiO4—orthosilicic acid, the simplest and
most soluble form of Si, which reacts with molybdate to develop a yellow color) was added.
After 10 min, 2 mL of a 200 mg L−1 tartaric acid solution (used to complex the P in the
solution) was added. After 5 min, 10 mL of ascorbic acid solution (the reduction of Si
transforms the yellow complex to blue) was added, and after 1 h, the absorbance was
measured using a UV-Vis spectrophotometer at a wavelength of 660 nm.

2.7. Statistical Analysis

Statistical analyses were performed using the R statistical software, version 4.4.1 [35],
with the asbio, multcomp, and ExpDes.pt packages. Data were subjected to analysis of
variance (ANOVA), and means were compared by Tukey’s test (p ≤ 0.05) when the F-test
was significant (p ≤ 0.05) among soil types. Polynomial regression was also performed
for significant interactions and/or the effect of SA rates on the evaluated soil and plant
attributes. Furthermore, Dunnett’s test (p ≤ 0.05) was used to verify differences between
SA rates and additional treatments.

3. Results
3.1. Soil

There was an interaction between soils and SA rates for H + Al and Al (Table 3), and
for the other soil attributes, there was an influence of SA rates in all soils. Additionally,
there was variation among soils (Table 3). It was observed that pH, SB, and BS showed
higher values when plants were grown in sandy textured soil (TQ), while H + Al, Al, and
CEC were higher in medium textured soil (RH) (Table 3).

For both soils, similar increases in pH, BS, and SB were observed, along with reductions
in H + Al and Al content after the soybean cultivation period (Table 3), when compared to
the initial soil chemical characterization before the experiment was established (Table 1).

Concerning pH in TQ soil, the 0.0 and 7.5 Mg ha−1 SA treatments exhibited significant
differences compared to the additional treatment (Table 3). In contrast, for RH soil, only
the 0.0 and 30 Mg ha−1 SA treatments had means comparable to the additional treatment.
Potential acidity (H + Al) in TQ soil was notably different for the 0.0 and 7.5 Mg ha−1

SA treatments, while in RH soil, only the 60 Mg ha−1 SA treatment differed from the
additional treatment. Concerning Al content, the 30 and 60 Mg ha−1 SA treatments in
TQ soil demonstrated similarities to the additional treatment, whereas in RH soil, only
the 30 Mg ha−1 SA treatment showed a comparable trend. Finally, the 60 and 30 Mg ha−1

SA rates for SB were similar to the additional treatment for TQ and RH soils, respectively
(Table 3).

In terms of CEC, for TQ soil, the 0.0 and 7.5 mg ha−1 SA treatments showed significant
differences compared to the additional treatment. In RH soil, only the control treatment
differed from the remaining treatments (Table 3). Regarding BS, in TQ soil, solely the 30
and 60 mg ha−1 SA rates were similar to the additional treatment. However, in RH soil,
this effect was observed only at the 30 mg ha−1 SA rate (Table 3).
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Table 3. Effects of treatments on some selected soil features 1 after soybean cultivation in Typic
Quartzipsamment (TQ) and Rhodic Hapludox (RH) soils.

Treatment
pH H + Al Al SB CEC BS

TQ RH TQ RH TQ RH TQ RH TQ RH TQ RH

CaCl2 mmolc kg−1 %

L + CMF 5.40 • 4.38 • 17.00 • 31.00 • 0.00 • 3.50 • 27.95 • 19.15 • 44.95 • 50.15 • 62.25 • 38.25 •

SA rates (R) 2

0 3 Mg ha−1 4.60 4.18 • 21.75 30.00 • 2.25 6.50 11.40 8.60 33.15 38.60 34.50 22.25
7.5 Mg ha−1 4.50 3.98 21.00 34.50 • 2.00 5.50 17.48 12.60 38.48 47.10 • 45.75 26.25
15 Mg ha−1 4.82 • 4.05 19.25 • 31.75 • 1.50 5.25 18.42 14.10 40.18 • 45.85 • 51.75 30.75
30 Mg ha−1 4.88 • 4.35 • 18.50 • 27.25 • 1.00 • 3.35 • 23.15 18.35 • 41.65 • 45.60 • 55.75 • 40.50 •

60 Mg ha−1 5.28 • 4.88 14.25 • 20.50 0.50 • 1.50 29.50 • 26.12 43.75 • 46.62 • 67.25 • 56.00
Soil (S) 4.82 A 4.29 B 18.95 B 28.80 A 1.45 B 4.40 A 19.99 A 15.96 B 39.44 B 44.76 A 62.25 A 38.25 B
F test

Rate (R) 13.78 ** 21.20 ** 24.58 ** 115.68 ** 9.74 ** 87.11 **
Soil (S) 46.50 ** 158.49 ** 145.87 ** 52.42 ** 26.51 ** 171.22 **
R × S 0.73 NS 3.03 * 5.80 ** 0.54 NS 0.89 NS 2.53 NS

CV (%) 5.34 10.35 28.30 9.32 7.59 8.65

**, *, and NS—Significant at 1% and 5% probability, and not significant, respectively. Means followed by
the same uppercase letters in the same row do not differ from each other by Tukey’s test at 5% probability.
•—Means followed by the same symbol in the column do not differ statistically by Dunnett’s test at 5% prob-
ability. L + CMF = Application of lime + conventional mineral fertilization. SA = Silicate mineral fertilizer.
CV = Coefficient of variation. 1 Samples collected after 190 days of incubation of the silicate mineral fertilizer and
soybean cultivation. 2 Application of rates of silicate mineral fertilizer and fertilization with N, P, K, S, B, Cu, Mn,
and Zn via mineral fertilizer. 3 No application of silicate mineral fertilizer and fertilization with N, P, K, S, B, and
Zn via mineral fertilizer.

There was a linear increase in pH, BS, and SB due to the application of the rates, with
values ranging from 4.39 to 5.08 (Figure 1a), 10.00 to 27.81 mmolc kg−1 (Figure 1b), and
from 28.38% to 61.63%, respectively (Figure 1d).

The application of SA significantly influenced the CEC (CEC = SB + H + Al), as
indicated by a quadratic fit with a maximum point at a rate of 43.72 Mg ha−1 of SA
(45.95 mmolc kg−1) (Figure 1c).

Increasing rates of SA led to a linear decrease in potential acidity (H + Al) in both soils
(Table 3). Values ranged from 21.75 to 14.25 mmolc kg−1 for TQ, while for RH, the range
was 30.00 to 20.50 mmolc kg−1 (Figure 2a).

Aluminum content was influenced by SA rates in both soils (Table 4), with nega-
tive linear adjustments, ranging from 2.25 to 0.50 mmolc kg−1 for TQ and from 6.50 to
1.50 mmolc kg−1 for RH (Figure 2b).

There was no interaction between SA rates and soils for P, Ca, Mg, and Si content
(Table 4). Regarding SA rates, there was a difference in P, Ca, Mg, and Si content (Table 4).
For the soil attributes, a difference was observed for Ca and Mg, with TQ having higher
content compared to RH (Table 3).

Dunnett’s test revealed that the additional treatment significantly influenced P content
in RH soil at rates of 0.0, 7.5, and 15 Mg ha−1 of SA (Table 4). For Ca content, significant
differences were observed between the additional treatment and the control at 30 Mg ha−1

of SA in TQ soil, and at 15 and 30 Mg ha−1 in RH soil (Table 4). In contrast, Mg content
was consistently lower in all SA treatments compared to the additional treatment in both
soil types (Table 4). For Si, significant differences were found at 60 Mg ha−1 of SA in TQ
soil, and at 0.0 and 7.5 Mg ha−1 in RH soil (Table 4).
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Figure 2. Potential acidity (H + Al) (a) and exchangeable Al (b) mean values, observed in Typic
Quartzipsamment (TQ) and Rhodic Hapludox (RH) soils after soybean cultivation in response to the
residual effect of SA application. **—Significant at the 1% probability level. Bars stand for St. Err. of
the mean.
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The available content of P, Ca, Mg, and Si linearly increased with increasing application
rates (Figure 3), ranging from 15.88 to 27.13 mg kg−1 (Figure 3a), 6.88 to 23.38 mmolc kg−1

(Figure 3b), 2.50 to 3.75 mmolc kg−1 (Figure 3c), and 5.71 to 7.37 mg kg−1 (Figure 3d),
respectively.
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Figure 3. Phosphorus (a), Ca (b), Mg (c), and Si (d) mean values in both soils after soybean cultiva-
tion in response to the residual effect of SA rates. **—Significant at the 1% probability level. Bars 
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mulation (Table 5). It was observed that Ca and Mg showed higher accumulations when 
plants were grown in sandy soil (TQ), while Si showed higher values when plants were 
grown in medium-textured soil (RH) (Table 5). 

Figure 3. Phosphorus (a), Ca (b), Mg (c), and Si (d) mean values in both soils after soybean cultivation
in response to the residual effect of SA rates. **—Significant at the 1% probability level. Bars stand
for the St. Err. of the mean.

Table 4. Effect of treatments on the levels of P, Ca, Mg, and Si in the soil 1 after soybean cultivation in
Typic Quartzipsamment (TQ) and Rhodic Hapludox (RH) soils.

Treatment
P Ca Mg Si

TQ RH TQ RH TQ RH TQ RH

mg kg−1 mmolc kg−1 mg kg−1

L + CMF 21.75 • 25.75 • 18.25 • 13.25 • 9.00 • 5.25 • 5.12 • 6.65 •

SA rates (R) 2

0 and (3)

Mgha−1 15.00 • 16.75 8.00 5.75 2.75 2.25 5.80 • 5.62

7.5 Mg ha−1 18.75 • 15.00 13.00 9.50 3.75 2.50 5.50 • 5.75
15 Mg ha−1 19.75 • 18.00 14.00 11.00 • 3.75 2.50 5.76 • 5.88 •

30 Mg ha−1 19.75 • 23.50 • 18.50 • 14.50 • 4.00 3.25 6.06 • 6.82 •

60 Mg ha−1 26.25 • 28.00 • 25.00 21.75 3.75 3.75 7.55 7.20 •

Soil (S) 19.90 A 20.25 A 15.79 A 12.50 B 3.60 A 2.85 B 6.13 A 6.26 A
F test

Rate (R) 16.16 ** 173.26 ** 4.77 ** 18.04 **
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Table 4. Cont.

Treatment
P Ca Mg Si

TQ RH TQ RH TQ RH TQ RH

Soil (S) 0.12 NS 57.36 ** 13.67 ** 0.64 NS

R × S 1.82 NS 0.47 NS 1.37 NS 1.55 NS

CV (%) 15.34 9.30 16.56 7.94

**, and NS—Significant at 1% probability, and not significant, respectively. Means followed by the same uppercase
letters in the same row do not differ from each other by Tukey’s test at 5% probability. •—Means followed by the
same symbol in the column do not differ statistically by Dunnett’s test at 5% probability. L + CMF = Application of
lime + conventional mineral fertilization. SA = Silicate mineral fertilizer. CV = Coefficient of variation. 1 Samples
collected after 190 days of incubation of the silicate mineral fertilizer and soybean cultivation. 2 Application of
rates of silicate mineral fertilizer and fertilization with N, P, K, S, B, Cu, Mn, and Zn via mineral fertilizer. 3 No
application of silicate mineral fertilizer and fertilization with N, P, K, S, B, and Zn via mineral fertilizer.

3.2. Plant

There was an interaction between SA rates and soil types for Si and Ca accumulation
(Table 5). Furthermore, there was a variation among soil types for Ca, Mg, and Si accumula-
tion (Table 5). It was observed that Ca and Mg showed higher accumulations when plants
were grown in sandy soil (TQ), while Si showed higher values when plants were grown in
medium-textured soil (RH) (Table 5).

Table 5. Effect of treatments on the accumulation of P, Ca, Mg, and Si in the aboveground parts of
soybean plants grown in Typic Quartzipsamment (TQ) and Rhodic Hapludox (RH) soils.

Treatment
P Ca Mg Si

TQ RH TQ RH TQ RH TQ RH

mg per plant
L + CMF 56.30 • 50.14 • 112.44 • 127.86 • 61.16 • 68.00 • 19.38 • 13.38 •

SA rates (R) (1)

0 (2) Mg ha−1 45.02 47.02 • 126.89 • 113.01 • 56.80 • 56.84 • 9.05 17.09
7.5 Mg ha−1 46.61 • 45.74 • 161.36 115.67 • 66.96 • 53.35 • 10.47 14.67 •

15 Mg ha−1 46.88 • 44.39 • 133.08 • 115.74 • 58.66 • 50.76 • 11.02 16.39
30 Mg ha−1 48.42 • 44.91 • 131.98 • 120.81 • 58.36 • 54.16 • 15.26 14.71 •

60 Mg ha−1 47.83 • 44.55 • 146.76 • 158.97 • 64.90 • 55.85 • 13.28 15.22 •

Soil (S) 46.95 A 45.32 A 140.02 A 124.84 B 61.14 A 54.19 B 11.81 B 15.61 A
F test

Rate (R) 0.06 NS 4.13 ** 0.77 NS 2.57 NS

Soil (S) 1.38 NS 6.68 * 7.43 * 51.04 **
R × S 0.54 NS 2.47 NS 0.82 NS 7.62 **

CV (%) 9.28 14.24 13.69 11.87

**, *, and NS—Significant at 1% and 5% probability, and not significant, respectively. Means followed by the same
uppercase letters in the same row do not differ from each other by Tukey’s test at 5% probability. •—Means
followed by the same symbol in the column do not differ statistically by Dunnett’s test at 5% probability.
L + CMF = Application of lime + conventional mineral fertilization. SA = Silicate mineral fertilizer. CV = Coeffi-
cient of variation. 1 Application of rates of silicate mineral fertilizer and fertilization with N, P, K, S, B, Cu, Mn,
and Zn via mineral fertilizer. 2 No application of silicate mineral fertilizer and fertilization with N, P, K, S, B, and
Zn via mineral fertilizer.

Using Dunnett’s test, the additional treatment, for P and Ca accumulation, differed
only from the 0.0 and 7.5 Mg ha−1 SA rates in the TQ soil, respectively (Table 5). There
was no difference in Mg accumulation between conventionally fertilized plants and plants
grown in both soils with SA rates (Table 5). However, for Si accumulation, all SA rates in
the TQ soil differed from the additional treatment, and in the RH soil, only the control and
the 15 Mg ha−1 SA rate differed from the additional treatment (Table 5).

There was an increase in Ca accumulation in response to the applied rates, ranging
from 119.95 to 152.87 mg of Ca per plant (Figure 4).
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Figure 5. Silicon accumulation in the shoot of soybean plants grown in Typic Quartzipsamment 
(TQ) and Rhodic Hapludox (RH) soils in response to the residual effect of applied SA rates. **, and 

Figure 4. Calcium (Ca) mean values in the shoot of soybean plants in response to the residual effect
of the application of SA rates. **—Significant at 1% probability. Bars stand for the St. Err. of the mean.

Silicon accumulation was influenced by SA rates in TQ soil (Figure 5), with a quadratic
fit and a maximum point at a rate of 50 Mg ha−1 (16.01 mg of Si per plant) (Figure 5).
However, there was no difference between SA rates for silicon accumulation in RH soil,
and the average value was 15.62 mg of Si per plant (Figure 5).
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Figure 5. Silicon accumulation in the shoot of soybean plants grown in Typic Quartzipsamment
(TQ) and Rhodic Hapludox (RH) soils in response to the residual effect of applied SA rates. **, and
NS—Significant at 1% probability level and not significant, respectively. Bars stand for the St. Err. of
the mean.

There was an interaction between SA rates and soil types for plant height (PH) (Table 6).
There was variation in aboveground dry matter (ADM) among soil types, with the highest
ADM observed in plants grown in RH soil (Table 6).
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Table 6. Effect of treatments on plant height (PH) at 50 days after emergence (DAE) and aboveground
dry matter (ADM) at 80 DAE of soybean plants cultivated in Typic Quartzipsamment (TQ) and
Rhodic Hapludox (RH) soils.

Treatment
PH ADM

TQ RH TQ RH

cm g
L + CMF 97.25 • 100.25 • 20.76 • 21.64 •

SA rates (R) (1)

0 (2) Mg ha−1 96.75 • 116.25 • 18.49 • 21.14 •

7.5 Mg ha−1 110.25 • 108.25 • 19.96 • 21.58 •

15 Mg ha−1 105.00 • 109.50 • 18.99 • 21.26 •

30 Mg ha−1 107.25 • 108.00 • 19.61 • 21.64 •

60 Mg ha−1 113.00 • 108.50 • 19.38 • 19.79 •

Soil (S) 106.45 A 110.10 A 19.29 B 21.08 A
F test

Rate (R) 0.43 NS 0.90 NS

Soil (S) 2.42 NS 14.13 **
R × S 3.27 * 0.65 NS

CV (%) 6.94 7.42

**, *, and NS—Significant at 1% and 5% probability, and not significant, respectively. Means followed by the same
uppercase letters in the same row do not differ from each other by Tukey’s test at 5% probability. •—Means
followed by the same symbol in the column do not differ statistically by Dunnett’s test at 5% probability.
L + CMF = Application of lime + conventional mineral fertilization. SA = Silicate mineral fertilizer. CV = Coeffi-
cient of variation. 1 Application of rates of silicate mineral fertilizer and fertilization with N, P, K, S, B, Cu, Mn,
and Zn via mineral fertilizer. 2 No application of silicate mineral fertilizer and fertilization with N, P, K, S, B, and
Zn via mineral fertilizer.

Based on Dunnett’s test, there was no significant difference in soil pH or aboveground
dry mass (ADM) between conventionally fertilized plants and plants grown in the two
soils with SA treatments (Table 6).

There was no adjustment to the regression models for pH in both soils (Figure 6), with
an average content of 106.40 cm found for TQ and 110.10 cm for RH (Figure 6).
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Figure 6. Soybean plant height (PH) in Typic Quartzipsamment (TQ) and Rhodic Hapludox (RH)
soils in response to the residual effect of SA application. NS—Not significant. Bars stand for the St.
Err. of the mean.
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There was no effect of treatments and the interaction between SA rates and soil types
on the anatomical-foliar characteristics (Table 7).

Table 7. Effect of treatments on leaf anatomical component thickness in soybean grown in Typic
Quartzipsamment (TQ) and Rhodic Hapludox (RH) soils.

Treatment
Adaxial Epidermis Abaxial Epidermis Palisade Parenchyma Spongy Parenchyma Total Thickness

TQ RH TQ RH TQ RH TQ RH TQ RH

µm
SA rates (R)(1)

0 (2) Mg ha−1 5.37 a 5.10 a 5.06 a 5.44 a 17.04 a 16.85 a 38.11 a 38.76 a 65.45 a 66.45 a
30 Mg ha−1 5.21 a 5.08 a 5.75 a 5.73 a 17.36 a 17.90 a 38.67 a 36.56 a 66.86 a 66.11 a
60 Mg ha−1 5.52 a 5.05 a 5.56 a 6.22 a 17.49 a 16.31 a 40.90 a 34.94 a 70.20 a 62.60 a

Soil (S) 5.37 A 5.07 A 5.46 A 5.80 A 17.30 A 17.02 A 39.23 A 36.75 A 67.50 A 65.05 A
F test

Rate (R) 0.17 NS 2.56 NS 0.30 NS 0.02 NS 0.01 NS

Soil (S) 2.00 NS 1.92 NS 0.10 NS 0.63 NS 0.37 NS

R × S 0.23 NS 0.67 NS 0.34 NS 0.38 NS 0.42 NS

CV (%) 9.66 10.59 12.25 20.09 14.96

NS—Not significant. Means followed by the same uppercase letters within a row and the same lowercase letters
within a column do not differ from each other according to Tukey’s test at the 5% probability level. SA = Silicate-
based mineral fertilizer. CV = Coefficient of variation. 1 Application of rates of silicate-based mineral fertilizer and
fertilization with N, P, K, S, B, Cu, Mn, and Zn via mineral fertilizer. 2 No application of silicate-based mineral
fertilizer and fertilization with N, P, K, S, B, and Zn via mineral fertilizer.

There were no variations in thickness (µm) observed among the analyzed soybean leaf
tissues: adaxial epidermis, palisade parenchyma, spongy parenchyma, abaxial epidermis,
and total leaf thickness (Figure 7).

The mean thickness of the adaxial epidermis was 5.37 µm and 5.08 µm for TQ and RH,
respectively (Table 7). For the abaxial epidermis, the mean thickness was 5.46 µm in TQ
and 5.80 µm in RH (Table 7). The mean thickness of the palisade parenchyma was 17.30 µm
in TQ and 17.07 µm in RH (Table 7). The spongy parenchyma had a mean thickness of
39.23 µm in TQ and 36.75 µm in RH (Table 7). The total mean thickness was 67.50 µm in
TQ and 65.05 µm in RH (Table 7).

There was no interaction between SA rates and soil types on stomatal density on
both leaf surfaces of soybean (Table 8). However, there was an influence of SA rates and
soil type on stomatal density on the adaxial leaf surface (Table 8), with higher stomatal
density observed when plants were grown in medium-textured (RH) soil (Table 8; Figure 8).
Furthermore, rates of 30 and 60 Mg ha−1 provided higher stomatal density on the adaxial
leaf surface (Table 8; Figure 8).

Table 8. Effect of treatments on stomatal density of adaxial and abaxial leaf epidermis of soybean
cultivated in Typic Quartzipsamment (TQ) and Rhodic Hapludox (RH) soils.

Treatment
Adaxial Stomata Abaxial Stomata

TQ RH TQ RH

tomata per mm2

SA rates (R) (1)

0 (2) Mg ha−1 159.71 b 160.97 b 348.53 a 385.62 a
30 Mg ha−1 173.85 a 220.81 a 347.72 a 375.88 a
60 Mg ha−1 189.50 a 239.54 a 401.93 a 387.60 a

Soil (S) 174.35 B 207.11 A 366.06 A 383.03 A
F test

Rate (R) 11.31 ** 0.69 NS

Soil (S) 11.88 ** 0.48 NS

R × S 2.75 NS 0.42 NS

CV (%) 12.21 16.10

**, and NS—Significant at 1% probability, and not significant, respectively. Means followed by the same uppercase
letters within a row and the same lowercase letters within a column do not differ from each other according
to Tukey’s test at the 5% probability level. SA = Silicate-based mineral fertilizer. CV = Coefficient of variation.
1 Application of rates of silicate-based mineral fertilizer and fertilization with N, P, K, S, B, Cu, Mn, and Zn via
mineral fertilizer. 2 No application of silicate-based mineral fertilizer and fertilization with N, P, K, S, B, and Zn
via mineral fertilizer.
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Figure 7. Cross-sections of soybean leaves cultivated in a Typic Quartzipsamment (TQ) and a Rhodic
Hapludox (RH) soil as a function of SA rates (0, 30, and 60 Mg ha−1). (A,B,E,F,I,J) showing the central
vein. (C,D,G,H,K,L) showing the leaf lamina. e = stomata, eb = abaxial epidermis, ed = adaxial
epidermis, pp = palisade parenchyma, sp = spongy parenchyma, tr = trichome.
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mis. (C,G,K,O,S,W) wide view of the abaxial epidermis; (D,H,L,P,T,X) showing detail of stomata of 
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from high (4.4–5.0) to medium acidity (5.1–5.5) [28]. Thus, the neutralizing power of SA is 
evident, acting as an acidity corrector for both soils, although with greater effectiveness 

Figure 8. Scanning electron microscopy of the leaf surface of soybean cultivated in a Typic Quartzip-
samment (TQ) and a Rhodic Hapludox (RH) soil as a function of the application of rates (0; 30 and
60 Mg ha−1) of silicate mineral fertilizer (SMF), as indicated laterally to the images. (A,E,I,M,Q,U),
wide view of the adaxial epidermis; (B,F,J,N,R,V) showing detail of stomata of the adaxial epidermis.
(C,G,K,O,S,W) wide view of the abaxial epidermis; (D,H,L,P,T,X) showing detail of stomata of the
abaxial epidermis.

4. Discussion
4.1. Main Outcomes

In the TQ soil, there was a change in the active acidity classification (pH), shifting
from high (4.4–5.0) to medium acidity (5.1–5.5) [28]. Thus, the neutralizing power of SA is
evident, acting as an acidity corrector for both soils, although with greater effectiveness for
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TQ, which has a lower buffering capacity compared to RH. The results agree with those of
Ramos et al. [9], where the application of the agromineral acted as an acidity corrector in
the short term (140 days). Similarly, in the study conducted by Silva et al. [36], there was an
increase in soil pH, attributed to the amounts of CaO (8.56%) and MgO (4.82%) present in
the basalt powder, whereas in the SA used here, the amounts of CaO and MgO are 10.42
and 5.67%, respectively.

The (SiO4)−4 present in SA reacts with H2O in soils, resulting in (HSiO4)3− and OH−.
The latter combines with Al3+, forming the coprecipitated form of Al(OH)3 [37], which
explains the reduction in soil acidity and Al content. Since Al is toxic to plants and can
cause nutritional deficiencies, reducing its toxic levels in soils is crucial, as most agricultural
crops do not reach their maximum production potential when grown in highly acidic
soils [38].

The decrease in potential and exchangeable acidity may have contributed to the
increase in CEC in TQ (lower buffering capacity). It is known that Al3+ is insolubilized
as hydroxide, resulting in an increase in charges, which consequently leads to an increase
in CEC [39]. The increase in the sum of bases (SB) values is mainly due to the increase
in Ca content in the soils. Ramos et al. [8], Medeiros et al. [40], and Dalmora et al. [41]
demonstrated that the application of rock dust resulted in SB values that comply with the
standards for a remineralizing product.

Phosphorous content increased with the application of SA rates, as Si restricts P
sorption onto Fe and Al hydroxides [42]. The silicate anion, provided by the silicate
mineral, competes with the phosphate anion for the same adsorption site, increasing P
availability [43]. In addition, soil acidity correction leads to an increase in OH− ions that
can cause desorption of phosphate ions, increasing their availability in the soil [44]. A
change in the P class was observed for annual crops in the TQ soil, moving from low levels
(7–15 mg kg−1) to medium levels (16–40 mg kg−1) at the highest rate [28]. We found that
adding basalt powder to both RH and TQ soils increased their phosphorus content. The
highest dose we tested (96 Mg ha−1) led to the highest phosphorus levels [45].

To achieve maximum crop productivity, agriculture depends on higher-cost inputs,
mainly inorganic phosphate fertilizers [46]. However, in the long term, this system is not
considered economically or environmentally sustainable, since phosphate fertilizers are a
non-renewable resource and promote eutrophication of the environment [47], therefore,
management with silicate minerals can mitigate future P scarcity.

Even after increasing available Mg levels in the soil, concentrations are still considered
low (0–4 mmolc kg−1) [48], suggesting that this element is likely bound in low-solubility
minerals with slow weathering rates. While another study observed an increase in soil
magnesium content following basalt powder application, the levels remained quite low [45].
However, these values become significant considering the overall low soil Mg content. The
slow solubility of SA does not preclude a significant impact on crop nutrition, favoring its
residual effect and acting as a complementary fertilizer, thereby reducing the demand for
mineral fertilizers over cropping cycles [43].

The dissociation, polymerization, and precipitation of Si in soil are associated with its
concentration in the soil solution, the presence of Fe and Al oxides, and soil pH [49]. The
increase in pH, up to a certain point, increases the availability of Si in soils and its uptake
by plants [50], indicating an increase in Si content. Swoboda et al. [17] observed that silicate
rocks and minerals with low solubility, such as granites, basalts, and feldspars, have the
potential to release Si.

Calcium accumulation in soybean plants is directly related to the amounts of this
nutrient in the SA (10.42% CaO). These results demonstrate that even with low solubility
and slow alteration of the minerals present in the SA, there is a residual effect with the
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release of available Ca in the soils, thus enabling increased absorption. Rodrigues et al. [45]
found that after a 170-day incubation period with basalt dust, followed by 70 days of
Urochloa brizantha (A.Rich.) R.D.Webster growth, calcium accumulation increased by 139%
in Typic Quartzipsamment soil and by a significant 208% in Oxisol at the maximum
application rate of 96 Mg ha−1.

There is a marked difference among plant species in their ability to accumulate Si [51].
The low capacity to accumulate Si can be explained by the amount of Lsi1 (from soil to
root) and Lsi2 (from root to xylem) transporters in root cells, as these are related to the
absorption and transport of this element in the plant [52]. Moreover, there is a relationship
between Si accumulation and plant stress, whereby when plants are subjected to biotic
and/or abiotic stresses, Si accumulation in the shoot is more pronounced [53,54]. This may
explain the less pronounced accumulation in the shoot of soybean, since the conditions
were favorable for plant development (greenhouse) and these plants are not classified as Si
accumulators.

The soybean epidermis is uniseriate in cross-section, characterized by elliptical to
circular cells on both leaf surfaces and covered by a thin cuticle [55], as observed in our
study (Figure 7C,D,G,H,K,L). Uniseriate tector trichomes, typical of the Fabaceae family,
are present (Figure 7I,J), comprising a basal cell, an intermediate cell, and an elongated
apical cell [56]. The high density of these trichomes disrupts the continuous film of water
on the leaf surface, thereby inhibiting spore germination and bacterial proliferation [57].
Furthermore, trichomes serve as a physical barrier, providing a crucial defense mechanism
against pathogen invasion [58].

The mesophyll is dorsiventral, consisting of two layers of palisade cells (Figure 7H)
and spongy parenchyma (Figure 7K). The spongy parenchyma is composed of cells of
various shapes and sizes with prominent intercellular spaces [59].

Soybean leaves are amphistomatic, meaning stomata are present on both the adaxial
and abaxial surfaces, and are of the paracytic type (Figure 8). This type of stomata is
common to many genera in the Fabaceae family and does not present a characteristic
stomata type [60]. Stomata number is an environmentally influenced trait and varies
among soybean cultivars [61]. Furthermore, plant nutritional status [62] and available
water [63] also contribute to variations in stomatal density. The higher water retention in
RH soil, compared to TQ soil, explains the higher stomatal density on the adaxial surface
in this soil.

Stomatal density directly interferes with plant photosynthesis and transpiration [64].
In addition to stomatal density, the size and arrangement of stomata on the abaxial and
adaxial leaf surfaces define restrictions on gas exchange rates [65]. An increase in stomatal
density is generally associated with an increase in stomatal conductance, resulting in a
more intense flow of water vapor and carbon dioxide. This dynamic can favor photosyn-
thesis by increasing CO2 capture, which is essential for plant metabolism, and promote
transpiration, which aids in leaf cooling. However, in environments with limited water
availability, this high conductance can lead to excessive water loss, compromising water
use efficiency [66,67].

This study reinforces the potential of using silicate agrominerals, particularly in regions
with active rock mining, contributing to addressing global issues related to mineral and
agricultural exploitation. However, it is necessary to consider the availability of rocky
materials in regions close to the cultivated areas to avoid long-distance transportation, since
economic viability is a determining factor for the practical application of this technology.
Furthermore, the agronomic use of silicon-rich silicate agrominerals, due to their chemical
characteristics, can be employed as a silicon source in weathered soils, with the aim of
maintaining excess silicon in the soil-plant system [68]. Based on the obtained results, SA
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can be used as an acidity corrector and soil remineralizer, as it positively altered chemical
attributes, improved the root environment, and increased the availability of nutrients
and silicon.

4.2. Agronomic and Practical Implications

The research presented here is significant for several reasons. From an agronomic per-
spective, the following points can be stressed: (i) sustainable agriculture: the study focuses
on reducing reliance on synthetic fertilizers, a crucial step toward sustainable agriculture.
By exploring the potential of SA as a natural alternative, it contributes to minimizing envi-
ronmental impact and promoting long-term soil health, thus (ii) soil health improvement:
the research highlights the positive effects of SA on soil properties, including increased
pH, reduced aluminum toxicity, and enhanced CEC. These improvements create a more
favorable environment for plant growth and nutrient uptake and indeed (iii) nutrient man-
agement: by increasing the availability of essential nutrients like P and Ca, SA can optimize
nutrient management strategies. This can lead to more efficient fertilizer use, reducing costs
and environmental risks. The previous three points bring together an enhanced climate
change resilience. Indeed, silicon-rich agrominerals can enhance plant tolerance to various
stresses, including drought, salinity, and pest and disease attacks. This is particularly
important in the context of climate change, where crops face increasing challenges.

From the practical application perspective, our research also regards: (i) precision agri-
culture: the findings can inform precision agriculture practices, allowing farmers to tailor
fertilizer applications based on specific soil and crop needs. This can optimize resource
use and reduce environmental pollution; (ii) organic farming: SA can be a valuable tool
for organic farmers, providing a natural way to improve soil health and crop productivity
without relying on synthetic inputs; (iii) sustainable land management: the research con-
tributes to sustainable land management practices by promoting the use of locally available,
environmentally friendly soil amendments, (iv) food security: by enhancing crop yields
and quality, SA can contribute to food security, especially in regions with limited access to
synthetic fertilizers or where soil degradation is a significant issue.

While the positive effects of agrominerals are well-known, their widespread use has
yet to be adopted. This is because it requires not just a change in inputs, from mineral
fertilizers to rock powders, but a fundamental shift in the conception of agroecosystem
fertility management. Overall, this research provides valuable insights into the potential of
SA to improve soil health, enhance crop performance, and promote sustainable agriculture.
By understanding the mechanisms of action and optimizing their application, farmers and
agricultural practitioners can make informed decisions to achieve higher yields, better
quality crops, and a more sustainable agricultural system.

5. Conclusions
The application of silicate agrominerals (SA) demonstrated significant potential as an

acidity corrector and soil remineralizer. In particular, the TQ soil, with its lower buffering
capacity, exhibited a more pronounced response to SA treatment. The increase in pH,
reduction in Al toxicity, and enhancement of CEC were evident, leading to improved soil
fertility. The addition of SA also positively influenced nutrient availability, especially P. The
silicate anion’s ability to compete with phosphate for adsorption sites and the increased
OH− ions contributed to higher P availability, as observed by the shift in P class for annual
crops in TQ soil. While Mg levels remained low, it is an essential element for plants, playing
a fundamental role in their growth and productivity. The slow release of this nutrient from
SA can provide a long-term benefit, complementing mineral fertilizer inputs and reducing
the need for intensive fertilization. The increase in Si availability, facilitated by the pH
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rise, enhanced Si uptake by soybean plants. However, the low Si accumulation capacity
of soybean limited the extent of this effect. The study also revealed the morphological
characteristics of soybean leaves, including the presence of uniseriate tector trichomes
and amphistomatic leaves with paracytic stomata. These features contribute to the plant’s
defense mechanisms and water use efficiency. The use of SA represents a promising
approach to sustainable agriculture. By improving soil quality, nutrient availability, and
plant health, SA can help mitigate the negative impacts of intensive farming practices and
contribute to a more environmentally friendly and productive agricultural system.
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List of Acronyms and Abbreviations

Abbreviation
Acronym

Meaning

SA Silicate agrominerals
CF Conventional fertilizers
SB Sum of bases
CEC Cation-exchange capacity
BS Base saturation
PTE Potentially toxic elements
TQ Typic Quartzipsamment
RH Rhodic Hapludox
L + CMF Application of lime + conventional mineral fertilization
PRNT Relative total neutralizing power
SEM Scanning electron microscopy
DAE Days after emergence
ADM Aboveground dry matter
PH Plant height
CV Coefficient of variation
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◦C Celsius degrees
nm Nanometer
mm Millimeter
cm Centimeter
mL Milliliter
g Gram
mg kg−1 Milligrams per kilogram
mg L−1 Milligrams per liter
g L−1 Grams per liter
g kg−1 Grams per kilogram
g per plant Grams per plant
Mg ha−1 Megagrams per hectare
mol L−1 Moles per liter
mmolc kg−1 Millimoles of charge per kilogram
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