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Abstract

Brazil plays an important role in global food production, but faces challenges due to its dependence on imported
fertilizers. To reduce this vulnerability of the agricultural sector, the use of natural sources such as agrominerals,
also known as rock dust, is gaining ground. The objective of this study was to characterize and evaluate a new
source of natural potassium, extracted from a deposit located in the Brazilian Midwest, through geological
characterization and agronomic evaluation through yield tests, soil and foliar potassium content. The tests were
conducted in a greenhouse with seven treatments, two soil types and four replications, with millet, soybeans and
beans in succession to evaluate the residual effect of the product. The agromineral was classified as a nepheline
syenite saprolite with an average K,O content of 11.6%. The effects of the agromineral were promising,
especially in the medium term. In the case of beans, at the standard dose of 60 K,O, yields in clay soils were 3.6
Mg ha'! higher than in the 60 KCI treatment, which obtained only 2.3 Mg ha!, probably due to absorption or
leaching losses, since the effect evaluated was residual in nature. For all the crops evaluated, the agromineral
showed an increase in potassium levels in both the soil and the leaves compared to the control group, indicating
that it is a potential alternative to gradually reduce the use of traditional chemical fertilizers. Field trials are
recommended to validate these benefits, taking into account more realistic environmental variations.
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1. Introduction

Brazil plays an extremely important role in the context of food security, as it is recognized as a significant global
food producer, being the world's largest exporter of liquids, responsible for over half of the world's soy
consumption, and the second-largest producer of beef (Food and Agriculture Organization of the United Nations
[FAO], 2022; Mores et al., 2022; United States Department of Agriculture [USDA], 2022). However, it is
important to note that the growth of the Brazilian agricultural sector in the last two decades has been
accompanied by a remarkable dependence on fertilizer imports, thus revealing the vulnerability of the national
agricultural system (Osaki, 2022). In terms of global fertilizer consumption, Brazil represents approximately
17,3% of the total, occupying the fourth position, behind only China, India, and the United States (USDA, 2022).
Among the nutrients used, potassium stands out, which corresponds to 38% of the total consumption, followed
by calcium, with a share of 33%. It is important to note that the most significant agricultural crop in Brazil is
soybeans, requiring more than 40% of the fertilizers used (Secretariat for Strategic Affairs [SAE], 2020).

Agriculture in Brazil is a sector that still presents vulnerabilities, especially due to the dependence on the import
of inputs necessary for the composition of NPK fertilizers, which are indispensable for the supply of nutrients
(Theodoro & Leonardos, 2011). According to Fonseca (2016), although the country has enough phosphorus
deposits to meet its demands, the same cannot be said about potassium, sulfur, and nitrogen deposits. This results
in an absolute import dependency. In this context, it is relevant to note that although Brazil is the fourth largest
consumer of fertilizers, its production represents only 2% of world production (Ribeiro & Leite, 2017). This
disparity between the consumption and national production of fertilizers puts the country in an unfavorable
position in terms of autonomy and security in the agricultural sector.

In the year 2020, Brazil recorded a record in the import of fertilizers, which represents an increase of 11%
compared to the 26.4 million tons imported in 2019 potassium chloride presented an increase of 12% compared
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to the previous year, corresponding to 39% of the total volume of imported fertilizers. It is worth mentioning that
potassium chloride is one of the products with the greatest dependence on the international market due to low
domestic production (Globalfert, 2021). Potassium chloride (KCl) is imported from Russia, Canada, Belarus, and
Germany. The potassium deposits with the highest volume are mainly found in vast epicontinental basins, such
as those located in Russia, Belarus, North America, and Central Europe (Van Straaten, 2017; Ribeiro & Leite
2022).

An alternative that has been gaining prominence to help reduce this import dependence is the use of silicate
agrominerals in agriculture, also known as rock powder. Agrominerals are finely ground volcanic rocks for direct
application, such as basalts, phonolites, Kamafugites, and other nutrient-rich volcanic rocks that can improve soil
productivity (Van Straaten, 2022). The scientific basis for the use of crushed silicate rocks as sources of nutrients
in agriculture is constantly expanding, with different conclusions reported by studies conducted in different
regions of the world. The Brazilian experience culminated in the formal recognition by the government of
farmers' interest in using these materials and the establishment of an appropriate regulatory framework (Manning
& Theodoro, 2020; Theodoro & Leonardos, 2006).

A relevant aspect also in the adoption of the use of agrominerals is the environmental issue because they are
ground rocks are highly sustainable products after all, they are natural, and part of the agrominerals used come
from sources such as waste and by-products of mining, reducing the negative impact on the environment of these
industries. According to Van Straaten, (2006), with the proper choice of locally available rock materials for the
correct soils, these materials have demonstrated significant benefits for local agriculture, especially when they
are modified or mixed with locally available organic materials.

In a study directed at the consumption of mineral fertilizers in the Brazilian Midwest, Ogino et al., (2020),
highlight that the scarcity of these mineral sources in Brazil, especially potassium, puts the country in a situation
of vulnerability in the face of possible fluctuations in the market for this input, which could have negative
impacts on national agricultural production. The national dependence on potassium is compromising in this
context, it is essential to find new sources of this mineral, which are not limited only to solubility, but also take
into account the minimization of environmental impacts during its application (Kinpara, 2003).

In Brazil, phonolites are widely used as direct potassium fertilizers, and according to plate tectonic models, the
igneous deposits of potassium silicates, such as phonolites, are found in continental intraplate extension
environments (Van Straaten, 2022).

Manning (2010) reports this possibility of silicate rocks as a source of potassium in agriculture, but that the rate
of dissolution of these should be observed and points out as a priority the rocks that contain nepheline. The
nepheline syenite is an igneous rock that stands out for its composition, characterized by the scarcity of quartz
and the presence of the nepheline feldspathoid. This rock is formed from alkaline magmas that have a low silica
content. (Sampaio, France & Braga, 2008).

In 2021, Brazil imported 96% of the potassium chloride it consumed; this dependence became more evident
during the war between Russia and Ukraine, highlighting the country's vulnerability in this regard and showing
the need for strategic policies for risk mitigation in agriculture (Caligaris et al., 2022; Osaki, 2022).

In this context, thinking about food security and reducing the country's vulnerability to external geopolitical
issues due to dependence on fertilizer imports, in 2022 the Brazilian government launched a public policy, the
National Fertilizer Plan (PNF 2022-2050), which has as one of the objectives to increase the national production
of fertilizers through guidelines such as the discovery of new alternative sources of nutrients (Caligaris et al.,
2022; Ministry of Agriculture, Livestock and Supply of Brazil [MAPA], 2022). Although there are few studies
on the use of rock dust in agriculture, they have shown positive effects as a soil remineralizer and advantages
such as not harming the environment because it is natural (Castro et al., 2021; Writzl et al., 2019).

This work aims to characterize and evaluate the use of a new alternative source of natural potassium
supplementation for agriculture, the agromineral saprolite nepheline syenite was extracted from a deposit located
in the Brazilian Midwest, for which it was evaluated as this new source contributes to productivity, exchangeable
potassium content in the soil and leaves in three crops: corn, soybean and the residual effect of the product on
beans.

2. Methods

The rock used in the research was removed from a deposit located in the municipality of Montes Claros de
Goias-GO (Figure. 1), product due to the place found, and the nutrient of interest was named KMC (Potassium
of Montes Claros) for sounding and initial characterization of the product were used both mechanized auger and
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air core probes. With a representative sample of the site, the chemical characterization analyses were sent to the
laboratory of SGS — Geosol, in Belo Horizonte-MG and CRTTI of the Federal University of Goias (UFG). For the
macroscopic description, micrographs were used, while for the microscopic characterization and mineralogical
composition, X-Ray Fluorescence (quantification of oxides) and X-Ray Diffraction (quantification of minerals in
the crystalline phase) technique were used.

2.1 Rock Characterization

After analysis, the rock was classified as nepheline syenite, of high crystallinity, with coarse phaneritic texture
and light brown coloration. The product tested (called KMC) was obtained from the saprolite of nepheline
syenite. In saprolite, there is alteration from primary minerals to secondary and often amorphous minerals. The
nepheline syenite is classified as a plutonic igneous rock, characterized by a slower cooling, which results in
mineral crystals of dimensions visible to the naked eye. On the other hand, phonolite is considered a hypabyssal
rock, which has undergone a faster cooling, resulting in mineral crystals that are not visible to the naked eye.
These rocks are formed from alkaline magmas with low silica content and are characterized by the scarcity of
quartz and the presence of the nepheline feldspathoid (Sampaio & Braga, 2008). Table 1 shows the composition
found by the X-ray fluorescence method of the product tested.
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Figure 1. Map of the location of the material extraction area and study

Table 1. Results of KMC samples regarding the composition of the main oxides

Sample Laboratory K20 NaxO Fe203 ALOs SiO2 CaO MgO
%o

KMC CRTI 11.6 0.67 2.36 2.36 58.0 <LQ* 0.39
*<LQ = Below the quantifiable limit.

In the X-ray Diffraction analysis performed by CRTI-UFG, using the Rietveld method, it was found that the
sample has a predominant composition of 51.59% orthoclase, followed by microclinium, with 24.01% of its
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composition. Ortoclasium is potassium aluminosilicate and is present in both syenite and phonolite, which have
the same mineralogical constitution, differing from each other by the size of the minerals (Sampaio; France &
Braga, 2008). The contaminants were also quantified, and all were below the limits established by the Brazilian
legislation annex IT IN SDA n° 27/ 2006 (Brazil, 2006).

2.2 Evaluation of Agronomic Efficiency

For the agronomic tests, a representative sample was taken that went through the process of grinng and sieving
0.425 mm (sieve No. 40). The experiment was conducted under greenhouse conditions located at the School of
Agronomy of UFG in Goiania, GO, using pots filled with two types of Oxisols: The Yellow Latosol (LA), with a
sandy loam texture, and the Red Latosol (LV), with a clayey texture. The relief of the region is characterized as
moderately flat to slightly undulating, with an average altitude of 730 m. The climate is classified as B2 WB 42"
according to the classification of (Lobato, 1978), with an average temperature of 21°C, a maximum of 29°C, and
a minimum of 15°C. The annual relative humidity is 41.5%, the average annual rainfall is 1487.2 mm, and the
total solar radiation is 2645.7 hours. Prior to the experiment, the soils Yellow Latosol and Red Latosol were
previously characterized in the soil laboratory of the School of Agronomy/UFG and presented the results as
shown in Table 2. The soils used in the experiment were air-dried and sieved with a 2 mm mesh. The fertilization
used was calculated as a function of soil analysis (C.F.S.G, 1988). The liming was performed with dolomitic
limestone based on the method of raising the Soil Base Saturation to 60% (Sousa & Lobato, 2004).

Table 2. Results chemical and texture analysis of the soils used in the experiment.

Soil M.O. pH P(Mehl) K Ca Mg H+Al Al CTC M \%
% (CaCl) mgdm®  mgdm? cmolc dm™ % %
LV 1.1 5.3 1.2 38 1.8 0.6 3.9 0 6.4 0 39
Clayey soil Clay (g kg-1) Silt (g kg-1) Sand (g kg-1)
480 80 440
M.O. pH P(Mehl) K Ca Mg H+Al Al CTC MV
% (CaCl) mgdm®  mgdm? cmolc dm™ % %
LA 0.3 5.2 2.7 15 1.4 0.3 2.3 0 4.0 0 43
Sandy loam soil Clay (g kg-1) Silt (g kg-1) Sand (g kg-1)
180 20 800

Different doses of KMC fertilizer (Potassium of Montes Claros) were used, being 0, 1/2; 1, 2 and 4x the
recommended dose. In addition, two additional treatments were used as a reference for comparison: the
agromineral based on phonolite (Ekosil) and the traditional chemical fertilizer potassium chloride (KCl). The
calculations were performed to ensure that the recommended dose of the reference treatments corresponded to an
amount of 60 kg ha'! of K,O.

All seven treatments were conducted in quadruplicate and used two soil types, identified as LA (Yellow Latosol)
and LV (Red Latosol). The treatments were organized as follows: (1) Witness (without the application of KMC);
(2) 30 KMC kg ha'! of K,O (half of the recommended dose); (3) 60 KMC kg ha™! of K,O (recommended dose);
(4) 120 KMC kg ha! of K,0 (twice the recommended dose; (5) 240 KMC kg ha! of K,O (four times the
recommended dose); (6) 60 kg ha™! of K,O of reference remineralizer Ekosil; (7) 60 kg ha™! of KCI K,O.

In the agronomic efficiency experiment conducted in a greenhouse, millet was the first crop to be planted with
the ADR 3000 variety. This was done during the winter. Subsequently, the experiment was carried out with
soybeans in the spring with the same treatments, using the variety Brasmax Desafio RR-8473 RSF, and finally
the experiment with beans in the fall with the early variety Jalo. The bean planting was carried out without the
application of K,O doses in all treatments to evaluate the effects of the residuals.

2.3 Variables Evaluated

The variables studied in the present study for the three crops were yield, potassium content in the soil, using the
Mehlich 1 extractor according to the methodology proposed by The Brazilian Agricultural Research Corporation
[Embrapa], (1997), and potassium content in the leaves following the methodology proposed by Malavolta et al,
(1997). The productivity of millet was assessed based on biomass weight, whereas for soybeans and beans,
productivity was measured in terms of dry grain mass per pot and subsequently converted to megagrams per
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hectare (Mg ha™").

Given the uniqueness of the agromineral under study, whose targeted nutrient is not readily available like the
commercial fertilizer KCl, it becomes interesting to consider variables such as the analysis of exchangeable soil
potassium content and leaf content evaluation. As this is a source that has never been agronomically assessed
before, these variables provide a broader perspective on the behavior of the examined crops when exposed to this
new potassium source and in specific soil types. This allows for comparison with traditional sources.

2.4 Statistics and Data Analysis

The experiment was conducted using a completely randomized experimental design, with four replications for
each treatment in two types of soil, resulting in a total of 56 experimental plots for each evaluated crop.

For the statistical analysis of productivity data, soil potassium content, and leaf potassium content, two main
approaches were adopted. Firstly, an analysis of variance (ANOVA) was performed with a factor to assess the
equality among treatment means. To achieve this, the F statistic was calculated (National Institute of Standarts
and Technology [NIST], 2012; Shimakura, 2005; Paulista State University [UNESP], 2019). The F statistic
allows us to gauge the extent of variation between groups compared to the variation within groups that cannot be
explained. The calculations were carried out using the statistical software SAS®, but can be explained in a
simplified manner as follows:

Considering the hypotheses for applying the F-test:

Hoipy —pp =0 (1)
Hitpy —pp #0 (2)
Where:
Hj-There is no difference between the means of the treatments
H ;- The means of the treatments are not equal

F =

512 (Variance between the groups)

3)

522 (Variance within the groups)

In equation (3), the F value is calculated and then compared with an F distribution table, taking into account the
number of data points in the experiment for calculating degrees of freedom.

When F calc > F tab, the test is significant at the considered significance level a. In this work, for the * test,
significance was observed at the =0.05 level, and for the ** test, significance was observed at the @=0.01 level.

In these cases, the null hypothesis (Hy) is rejected, and it is assumed that the differences between the treatments
are not due to chance.

The second approach occurs after a significant F-test, indicating evidence that the means of the treatments are
significantly different. In this case, the Tukey test (Gomes, 1952; NIST, 2012) was applied for pairwise multiple
comparisons among the treatment means. Calculations were performed using statistical software SAS®. This test
allows for the identification of treatments that exhibit statistically significant differences in their means,
represented by letters. Equal letters do not differ statistically by the test at a significance level of 5%.

A second-degree polynomial regression was used to evaluate the dose-response relationship between different
doses of the KMC agromineral and the analyzed variables. This type of quadratic curve is commonly used in soil
fertility because it's easy to derive fertilizer rates that yield maximum or optimal outcomes (Mbissik et al., 2023).
These forms are also frequently employed for evaluating designed experiments (NIST, 2012). The choice of a
second-degree polynomial regression is based on the assumption that the relationship between KMC doses and
the variable is not linear but might exhibit curvature. This curvature indicates that at some point, the response of
the crops to KMC doses might reach a maximum and subsequently decrease or stabilize the observed variable.
By fitting a curve to the experimental data, one aims to infer the KMC dose that resulted in the best performance
in terms of productivity, soil potassium content, and leaf potassium content for the evaluated crops. High values
of the coefficient of determination R? are associated with the quality of the model's fit to the observed data.

3. Results and Discussion
3.1 Productivity

The millet yields in the Red Latosol (LV) and Yellow Latosol (LA) soils showed significant differences by the F
test (2.6) and (6.59), respectively, with coefficients of variation of 27.65% and 32% (Table 3). Millet produced
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dry biomass between 3.5 and 11.2 Mg ha™! in LV and between 2.4 and 9.5 Mg ha™! in LA. It is noteworthy the
treatment 60 KCl, which obtained the highest yields in both soils, however in soil LV the treatment 60 KMC had
productivity higher than its reference standard 60 Ekosil, and this did not present significant differences by
Tukey's test about the control (0 KMC) in LV. The results obtained are consistent with previous studies
conducted by (Menezes & Leandro, 2004) and (Pacheco et al., 2011), which reported very similar millet dry
matter yields. Crusciol and Soratto (2007) obtained biomass yields of millet higher than those of the present
assay in the value of 14.8 Mg ha'!. As for the LA sandy soil, the reference 60 Ekosil obtained productivity
greater than 60 KMC. However, no significant differences were found by the Tukey test for the LA treatments,
except for the reference treatment 60 KCL

The results of KMC treatments indicated an adjustment in a 2" degree polynomial regression (R?) in the
increasing doses of KMC for both LV and LA with high determining factors indicating a positive dose-response
correlation with an increase in millet biomass up to the dose of 170 kg ha! of K»O in LV and 160 kg ha! of K,0
in LA (Figure 2). It is also possible to observe in Figure 2 that the reference treatment 60 KCl stands out as the
highest millet yields in both soils. Considering that most potassium silicate minerals have low solubility in water
and the release of nutrients is gradual, it is possible that the solubilization in the first year of cultivation was not
in the time necessary for the responses in the crop productivity equal to the soluble sources in the sandy loam
soil, despite the positive responses in the clayey soil. On the other hand, KMC behaved similarly to Ekosil.

Table 3. Productivity of millet, soybean and bean according to the treatments used.

PRODUCTIVITY (Mg ha1)

Millet Soybean Beans
Treatment
LV LA LV LA LV LA

0 KMC 35 d 24 b 19 b 1.1 ¢ 19 ¢ 1.8 ¢
30 KMC 7.5 abcd 38 b 20 b 1.5 Db 24 b 2.1 be
60 KMC 8.6 abc 48 b 2.1 b 1.5 Db 39 a 2.2 ab
120 KMC 7.4 abcd 57 b 2.6 ab 25 a 35 a 23 a
240 KMC 9.6 ab 56 b 2.6 ab 2.0 ab 31 b 2.2 ab
60 Ekosil 6.0 bcd 55 Db 32 a 23 a 3.1 ab 24 a
60 KCl 112 a 95 a 30 a 25 a 23 b 22 a

F test 2.60* 6.59** 2.70* 2.30* 7.88%** 3.21%
CV % 27.65 32.00 36.13 24.72 15.78 18.46

Means followed by the same letter in the same column are not statistically different at 5% probability by Tukey's
test. ** and * are significant at 1% and 5%, respectively, in the analysis of variance (F test). CV (%): coefficient
of variation.

Regarding cereals, it is observed that over 70% of the present potassium (K) is retained in the straw. This
observation holds practical significance in agriculture, as the straw, and consequently substantial amounts of K,
can either remain in the field or be removed for use as biomass. In this context, the way harvest residues are
managed becomes a crucial aspect in determining fertilizer requirements (Zorb et al., 2014).

Regarding the soybean crop, the yield results also indicated significant differences in F in LV (2.7) and LA (2.3)
with coefficients of variation of 36.13% and 24.72%, respectively (Table 3). For VL, soybean yield was between
1.9 and 3.2 Mg ha!. The reference treatments 60 Ekosil and 60 KCl obtained the highest yields. KMC did not
demonstrate significant differences by Tukey's test concerning the standards only at higher doses, such as 120
KMC, and 240 KMC (Table 3). The average soybean yields of all treatments were below the national average of
3.3 Mg ha'! for the 2019/20-second harvest (National Supply Company [CONAB], 2020). Higher yields for
soybeans of 3.6 Mg ha™! were achieved by taking into account treatments such as the use of crop rotation,
adequate soil management, and fertilization (Embrapa, 2018).

In LA soil, soybean yield ranged from 1.1 to 2.7 Mg ha'!. The treatments 60 Ekosil and 60 KCl stand out, which
obtained the highest yields. In KMC, the higher doses, such as the 120 KMC treatment, were able to produce

25



jsd.ccsenet.org Journal of Sustainable Development Vol. 16, No. 5; 2023

yields like the reference treatments.

For soybean yield about increasing KMC doses, Figure 2 shows that there was an adjustment in a polynomial
regression of the 2nd degree and that they provided increases in soybean yield up to the dose of 240 kg ha! of
K>0 in LV and 180 kg ha *! of K,O in LA. In a similar study, but conducted in the field with microgabbro rock
powder in red argisol, soybean yields above the national average were found by Almeida Jinior et al. (2020) as
well as De Medeiros et al. (2021), which also obtained soybean productivity above the national average, but
using dacite rock powder as a source of nutrients.

The soybean yields in LV and LA soils, together with the results of the treatments with different sources of
potassium, evidence the importance of the appropriate choice of the source and the dosage of potassium fertilizer,
considering the characteristics and specific properties of the soil. The use of soluble sources KCI can be
advantageous in some cases, but fertilization with natural products from rocks can also play an important role in
promoting soybean growth and productivity, especially in crops after its application. According to Embrapa
(2018), the soybean crop is demanding potassium, exporting from the crop after harvest, a value of 22 kgha™! of
K,0 per ton of grains, while for corn, this value is much lower, around 2.6 kg ha! of K,0, demonstrating the
need for attention to fertilization planning in soybean crops.

From a pedological perspective, the incorporation of minerals in highly weathered soils seems to be a viable
intervention. In addition to the fertilizer effect, there are indications of possible co-benefits that can be obtained
by the use of silicate rock powder as carbon sequestration, advantages provided by silicon for plants, roots of the
most abundant, greater humidity around the plants due to the clays contained in the material and ability to retain
water, more lush foliage, lower application cost due to long-term effect (Swoboda; Déring & Hamer, 2022;
Theodoro & Leonardos, 2006).

Relative Yield Red Latosol % (L) Relative Yield Yellow Latosol % (LA)
120,00 120,0
W —— t oo T R
80,00 —=r e e - &
Py * .
60,00 g Y L €0 *.. * *
40,00 40,0 e
20,00 20,0 . o
OKMC  30KMC 60KMC 120KMC 240KMC 60Ekosil 60 KCl OKMC  30KMC  EOKMC 120 KMC  240KMC  60Fkosil  60OKCI
4+ Millet Soybean ® Beans 4 Millet Soybean @ Beans
""""" Polynomial (Millet) Polynomial (Soybean) ........ Pelynomial Beans - Polynomlal (Millet) Polynomlial (Soybean) ... Polynomial Beans

¥ =-0,0011%* +0,4415x+43,118 vy =-0,0005x>+0,2164x +58,304 y =-0,0024x2+0,7036x+50,296 Y=-0,0013x*+0,4516x+26,575 y=-0,3003x +14,169x+27,212 y = -0,00113% +0,327x+76,062
R?=0,6530 R? = 0,048 R?=0,7659 R?=0,9900 R?=0,8490 R=0,9697

Figure 2. The polynomial curve for evaluation dose-response and relative efficiency of KMC about productivity.
It normalized the relative biomass production of millet, soybean, and beans in LV and LA

As for bean yield, the study was conducted to evaluate the residual effect after soybean harvest without adding
new dosages in the treatments. The bean yields in LV and LA soils showed significant differences by the F (7.88)
and F (3.21) tests, respectively, with relatively low coefficients of variation of 15.78% and 18.46% (Table 3).

In the LV soil, the bean yield ranged from 1.9 to 3.9 Mg ha'! with emphasis on the 60 KMC treatment, which
obtained the highest yields, evidencing a residual effect of the application of KMC from soybean. This obtained
result aligns with the findings of Mbissik et al. (2023), who evaluated 16 types of rock powders as potassium
sources with and without thermal treatment (hydrothermal). They observed that over the long term, untreated
rocks exhibited better performance in ryegrass productivity compared to hydrothermally treated ones, attributed
to the long-term availability of potassium for plants. The reference treatment 60 KCI obtained the worst
performance (not counting the control), possibly because it is a residual evaluation study. The losses of the
soluble source by leaching probably contributed to these results. The yields obtained were higher than the
averages of the State of Goias, which is the third largest producer, with 367.7 thousand tons in a planted area of
156.3 thousand hectares, having the highest productivity in the country of 2.3 Mg ha! (CONAB, 2020). The
bean productivity results were higher than those obtained by Soratto et al. (2021) in an experiment with the same
dose of K»O from alkaline rock on clayey red latosol. Their yields were around 2.1 Mg kg'! in the first planting,
and they showed values very close to the bean productivity with the KCl source in their experiment.

In the LA soil, the bean produced between 1.8 and 2.4 Mg ha’!, the 60 Ekosil treatment obtained the highest
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yields, with no significant differences between the 60 KMC, 60 KCl, and 60 Ekosil treatments by the Tukey test.
It is noteworthy that the LA is considered a soil with greater limitations to obtain high yields due to the low clay
content of this soil, despite the yields of 3.6 Mg ha™! obtained by Brasil et al. (2020) using glauconitic siltstone in
neosols of Goias. In another study of bean yield using slate powder, Alves et al. (2021) obtained significant
increases in bean production of the order of 0.22 Mg ha'! for each ton of slate powder applied to the soil. The
increments were verified in all doses tested under the experimental conditions. According to the author, the
improvements may be related mainly to the contribution of nutrients present in the added material, especially
potassium.

As for the dose-response evaluations, it is verified that there was an adjustment in the 2"¢ degree polynomial
regression and that the increasing doses of KMC provided increases in bean productivity up to the dose of 60 kg
ha! K,O in LV and 120 kg ha! K,0 in LA (Figure 2).

3.2 Soil Exchangeable Potassium Content

For several decades of research, efforts have been directed towards establishing methods for correlating the
concentrations of exchangeable potassium (K) in the soil with the needs, uptake, and yield of crops. However,
most soil K extraction tests do not provide information about the release rate of this element during the growing
season. This release rate is crucial, as it determines whether the crop will or will not respond to fertilizer
application (Goulding et al., 2020).

In this study, the levels of available potassium (K") in the soil were assessed using the Mehlich 1 solution
extraction method for all crops. This methodology is the officially recommended approach by the Brazilian
Agricultural Research Corporation. For millet, the K" contents in the soil ranged from 44.8 to 93.3 mg dm™ for
the LV soil, while in the LA soil ranged from 32.5 to 94.8 mg dm™ The results indicated significant differences in
the K* contents between the treatments for both soils, as evidenced by the F test of 5.9 and CV of 22.27 % for LV,
and F test of 5.28 with CV of 38.4% for LA (Table 4). Concerning standard values of Sousa and Lobato (2004)
of potassium content expected for a soil, it was found that in LV soil, the contents for the treatments are at
adequate levels (above 50 mg dm™), except for the control. In LA soil, on the other hand, K* levels are below
adequate levels (less than 40 mg dm™) in KMC treatments, except for 120 KMC treatment and within the
appropriate limits for the reference treatments 60 Ekosil and 60 KCI for millet.

Table 4. Exchangeable potassium content in millet, soybean, and bean soil depends on the treatments used

Exchangeable K in the soil (mg dm)

Millet Soybean Beans

Treatment

LV LA LV LA LV LA
0 KMC 448 b 338 b 26.0 b 250 b 31.0 be 220 ¢
30 KMC 498 b 325 b 675 b 58.0 a 330 b 252 ¢
60 KMC 56.0 b 374 b 619 b 555 a 331 b 30.0 d
120 KMC 523 b 450 b 569 b 577 a 36,0 be 40.0 b
240 KMC 588 b 33.0 b 56.8 b 60.6 a 28.0 ¢ 37.1 ab
60 Ekosil 575 b 54.8 ab 98.0 ab 71.0 a 84.0 a 90.0 a
60 KC1 933 a 948 a 65.0 a 75.0 a 63.0 b 92.0 a
F test 590 ** 5.28 ** 18.90 ** 12.89 ** 5.20 ** 520 **
CV % 22.27 38.40 16.92 7.66 33.80 33.01

Means followed by the same letter in the same column are not statistically different at 5% probability by Tukey's
test. ** and * are significant at 1% and 5%, respectively, in the analysis of variance (F test). CV (%): coefficient
of variation.

Comparatively, the reference source of agromineral K (Ekosil) and KMC, at the same dose (60 kg ha™! of K;0),
did not present significant differences according to Tukey's test concerning the K* content in the two soils for
millet. However, the use of KCI resulted in the highest K+ content values, which may indicate a potential
relationship with the high solubility of the product. This finding is consistent with other studies suggesting that
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the use of rock powder in agriculture serves as an alternative source of slow-release potassium supplementation
(Da Silva et al., 2012; Teixeira et al., 2012). In the dose-response evaluation for millets, a high R? was observed
in the 2nd degree polynomial adjustment of potassium (K*) for both soils (Figure 3), indicating potassium
increases in the soil up to the maximum tested rate of 240 kg ha™! of K,O for clayey LV soils. For sandy soils,
the polynomial model indicated potassium increases in pearl millet up to a rate of 110 kg ha™! of K,O from KMC
in sandy loam soils (LA).

Previous studies, such as that of Theodoro et al. (2013), evidenced the interaction of agro minerals from five
different types of rocks with the soil and plant system, demonstrating the availability of nutrients in Oxisols in
various crops. Similarly, Reis (2013) reported the positive effect of agro minerals, such as micaxiste and
amphibolite rocks, on the millet crop, acting as a source of these nutrients and increasing the dry matter of the
roots. These results corroborate the findings of Ribeiro ez al. (2010), who highlighted the positive effects of high
concentrations of exchangeable K* in the soil when alkaline ultramafic rocks and pyroclastic breaches were used
at high dosages.

Regarding the potassium contents (Table 4) in the soil cultivated with soybean, there were significant differences
between the treatments in both LV soil and LA soil (F tests of 18.90 and CV 16.9% for LV and F tests of 12.89
and CV 7.7% for LA). In both soils, K* levels ranged from 26 to 98 mg dm> in LV and from 25 to 75 mg dmin
LA (Table 4). In the KMC dose-response evaluation in clayey LV soils, the 2" degree polynomial fit displayed a
low R? for soil K content in soybeans (Figure 3). Despite this limitation, the model indicated the rate of 140 kg
ha™! of K,O from KMC as the most efficient for potassium availability in clayey soils for soybeans. One possible
explanation is that the timeframe might not have been sufficient for the release and availability of potassium
contained within the KMC, given that potassium is within the crystal lattice of the material. On the other hand,
for sandy soils (LA), the 2" degree polynomial fit displayed a high R? for soybeans, indicating increases in
available soil potassium up to the rate of 160 kg ha™! of K,0 from KMC. Although the regression didn't fit well
in the LV as it did in LA, the maximum dose value was close for soybeans in both soil types.

For LV, the reference treatment 60 Ekosil obtained the best result of K* in the soil for soybean, although at the
same dose (60 Kg ha! of K,0), the KMC did not present statistically significant differences according to the
Tukey test. The results found for soybean in the potassium contents in the soil are by the standards established by
Souza and Lobato (2004) for all treatments evaluated, except of the control.

Relative Potassium Content in Soil % (LV) Relative Potassium Content in Soil % (LA)
120 120
100 Iy * 100 - o
80 80

60

40 40

20 20

0 KMC 30 KMC 60KMC 120KMC 240KMC 60 Ekosil 60 KCI 0KMC 30 KMC 60 KMC 120KMC 240KMC 60 Ekosil 60 KC1
4 Millet Soybean ® Beans 4+ Millet Soybean ® Beans
<+----- Polynomial (Millet) Polynomial (Soybean) - Polynomial (Beans) - Polynomial (Millet) Polynomial (Soybean) - Polynomial (Beans)

y =-0,0002x2 +0,1082x +49,941  y =-0015x* +0,4161x + 39,722 y=-0,0005x +0,1011x +36,465  y=-0,0007x2 +0,1868x +32,733 y=-0,0017x2 + 0,5384x + 45,463 y =-0,0007x2 +0,2447x + 22,157
R?=0,7347 R?*=0,4217 RZ=0,9232 R2=0,7346 R?=0,6577 R?=0,9526
Figure 3. The Polynomial curve for evaluation dose-response and relative efficiency of KMC about the relative
content of potassium in millet, soybean, and bean soil in LV and LA

For LA soil, the highest value found for K* in soybean was for the reference treatment 60 KCl, although Ekosil
and KCl, at the same dose 60 Kg ha™! of K,O of KMC, did not present significant differences into potassium
content in the soil by Tukey's test, besides having close values, which can be observed by the low value of CV
(7.66%). The levels of K* in LA soil are also at adequate levels for soybean, except for the control, according to
the standards of Souza and Lobato (2004).

De Mello Cunha (2022), in a similar study in the greenhouse, compared three types of rock powders in two types
of soil Cambisol and Nitisol, in soybean production and found that the results are related to the chemical
characteristics of the soils, nutrient contents were obtained in the seeds and dry matter production similar or
superior to conventional fertilization treatments with better results observed in the less fertile soils.

Regarding soybeans, Embrapa (2018) emphasizes the importance of maintaining potassium levels in soybean
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fields, pointing out that potassium is responsible for several important functions in plants, such as osmotic
control, regulation of stomata, and enzymatic activation, and that with adequate levels, there is an increase in
nodulations and consequently the oil content, since when the level is not adequate part of the reserves used by
soybean are removed from the soil.

In a large study conducted by Theodoro (2006), it was found that the combination of rock dust and organic
composting was doubly effective. In addition to accelerating the availability of nutrients to plants at the same
time, it reduced the volume of waste (garbage) on the properties involved.

These results indicate that the use of the KMC remineralizer promoted increases in potassium contents in both
soils cultivated with soybean in the release of potassium in the soil-plant system showing the ability to increase
the availability of potassium in the soil, the appropriate use can contribute to optimize soil fertility, increase the
productivity of soybean crop, in addition to promoting sustainable practices with lower environmental impacts
when compared to the use of traditional soluble sources such as KCI.

In the bean tree, according to Table 4, it is possible to verify that when analyzing the potassium contents (K+) in
the soil extracted by the Mehlich 1 method in the LV and LA soils, a significant difference was observed
between the treatments (F tests of 5.2 and coefficient of variation of 33.8% for the LV; F tests of 5.2 and
coefficient of variation of 33.0% for LA). In soil LV, K contents ranged between 33 and 84 mg dm=, while in LA
soil, they ranged between 22 and 92 mg dm=. The polynomial adjustments of the soil K contents for LV and LA,
represented in Figure 3, showed that the increasing doses of the KMC remineralizer were adjusted to a 2™ degree
polynomial regression with elevated R?, indicating that the KMC promoted increments in the soil potassium
contents up to the dose of 110kg ha™! of KMC K,O in the LV and up to the dose of 170kg ha™' of K,O of the
KMC in LA.

When comparing the sources of K* (Ekosil, KCI, and KMC) at the same dose of 60 Kg ha™! of K,0, it was found
that the performance of KMC in both soil LV and LA was much lower than the reference treatments and that
only these showed adequate levels (above 50 mg dm™) concerning the standards of Souza and Lobato (2004).
Regarding the low performance of KMC, the results indicate that there were probably mechanisms of decrease in
soil content such as losses and mainly of absorption by plants, which is corroborated with the bean yields
presented in Table 1, wherein in LV soil the highest yield performance of all treatments was KMC at the
recommended dose of 60 K,O, in addition to the leaf contents of the common bean that can be observed in Table
5, showing that the bean absorbed practically the same amount in the standard dose 60 K,O KMC and its
reference 60 Ekosil, already 60 KC1 had lower values in the leaf content.

More positive results for the adoption of rock dust as a source of potassium were observed for soils with low
cation exchange capacity, typical of latosols found in tropical/subtropical regions, and that have poor nutrient
retention characteristics (Manning & Manning, 2010). The Mehlich 1 solution, which was used in the
methodology to determine the exchangeable potassium content in soil, is able to evaluate the kinetics of
potassium release from minerals and soils of different particle sizes through the acids in the extraction solution
(Da Silva et al., 2012).

The agronomic use of rock dust in agriculture presents promising potential as an alternative to remineralizing
soil fertilizer and offers advantages such as the insolubility of nutrients in the water, reducing losses by leaching
and fixation, and the solubility of nutrients in the solution of weak acids such as those occurring in the soil,
resulting in a slow and efficient release to crops (Ramos et al., 2015). These studies corroborate the results
obtained, strengthening the understanding of the influence of the use of agro minerals as an alternative source of
potassium on soil fertility and bean crop development.

Gaining a deeper understanding of the underlying mechanisms behind the release of potassium (K) from
minerals present in the soil is crucial for advancing innovative approaches in sustainable agriculture. However,
accurately determining the source of absorbed K by crops and the contribution of non-exchangeable K has been
a significant challenge due to the scarcity of suitable methods, both under field conditions and in microcosm
experiments (Zorb et al., 2014).

3.3 Foliar Potassium Content
The analyses of the leaf plant tissue were made for the three crops evaluated and obtained the following results:

For millet, the results obtained for the leaf contents of potassium (K) in the LV and LA soils showed significant
differences between the treatments. In soil LV, an F test of 6.03 and a coefficient of variation of 26.4% were
observed, while in LA soil, the F test was 5.77, and the coefficient of variation was 25.0% (Table 5).
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Table 5. The Leaf potassium content of millet, soybean, and beans depends on the treatments used.

Foliar Potassium Content (dag kg™)

Millet Soybean Beans

Treatment

LV LA LV LA LV LA
0 KMC 04 b 1.0 B 08 b 1.0 b 09 c 0.8 ¢
30 KMC 04 b 2.0 ab 1.6 b 2.0 ab 1.8 b 1.1 be
60 KMC 04 b 2.0 ab 1.7 b 2.0 ab 2.1 ab 13 b
120 KMC 0.8 ab 2.1 ab 24 ab 2.1 ab 24 ab 1.6 a
240 KMC 0.8 ab 2.1 ab 2.6 ab 29 a 2.3 ab 13 b
60 Ekosil 0.8 ab 1.9 ab 2.7 ab 1.9 ab 2.5 ab 15 b
60 KCl1 13 a 30 A 29 a 30 a 19 b 1.1 be
F test 6.03 ** 5.77 ** 4.51 ** 6.42 ** 4.50%* 3.20 *
CV % 26.4 25.0 23.0 13.0 19.7 25.8

Means followed by the same letter in the same column are not statistically different at 5% probability by Tukey's
test. ** and * are significant at 1% and 5%, respectively, in the analysis of variance (F test). CV (%): coefficient
of variation.

In both soils, the highest leaf K contents were obtained with the reference treatment 60 KCIl, indicating the
efficiency of this source in the availability of potassium for the millet crop. As for the agro mineral reference
treatment, no significant differences were found by Tukey's test between the doses of 60 kg ha™! of K,O of the
KMC remineralizer and the Ekosil reference standard in the leaf analyses of millet in the two soils. The foliar
potassium levels in pearl millet in the clayey LV soil are similar to those obtained in the study by Crusciol and
Soratto (2007), but they remained below the values found by Bossolani et al. (2018), which recorded 1.6 dag kg™!
in clayey Oxisol with KCl1 doses. However, in the sandier LA soil, the foliar potassium values were considerably
higher in all treatments.

When analyzing the adjustments of the 2nd degree polynomial regressions of the leaf K contents about the
KMC KO rates, it was observed that, in the LV soil, there were increments in the leaf K™ contents up to the dose
0f 240 kg ha! of KMC K5O in the millet for LV, while for LA the increase was observed up to the dose of 150 kg
ha'! of KMC K0, as shown in Figure 4. These results are consistent with those obtained by Menezes & Leandro
(2004), who found K* levels of 1.04 dag kg™ in millet plants. Considering the yields achieved in this assay for
LV, which were around 10 t/ha, these contents represent a soil extraction capacity of 80 to 140 kg ha™! of K,
corroborating the results of Pacheco et al. (2011), which obtained 130 kg ha!' of potassium in millet in Santo
Antonio de Goids.

As for soybean analyzing the results LV and LA (Table 5), significant differences were observed in the leaf
contents of potassium (K*) of the soybean crop. In soil LV, the F test was 4.51, with a coefficient of variation of
23.0%, while in LA soil, the F test was 6.42, with a coefficient of variation of 13.0%. In LV and LA soil, the
highest levels of leaf K" were obtained with the treatment of the 60 KCI standard, while for the agro mineral
sources tested, no significant differences were found by Tukey's test at the doses of 60 KMC and 60 Ekosil. The
leaf contents of K in soybean found are close to the levels considered adequate by Embrapa (2021) and Raij
(2011), which range from 1.70 to 2.50 dag kg-!. The values found for foliar potassium content in soybeans were
higher in both soils at the standard dose of 60 K,O kg ha-1 compared to the value of 1.3 dag kg™ reported by De
Oliveira et al. (2022) using phonolite rock as a potassium source.

When analyzing the 2nd degree polynomial regressions of leaf K* contents about KMC K,O doses in LV and LA
soils for dose-response evaluation, it was found that there were significant increments up to the dose of 240 kg
ha! of KMC KO in both soils (Figure 4). In a study in clay soil, Embrapa (2018) observed a relationship
between the apparent deficiency symptoms in soybeans and the potassium content in the leaves. It was found
that in areas where deficiency symptoms were severe and visible in the leaves, the leaf potassium content was
0.25 dag kg™'. On the other hand, in nearby areas that had no apparent symptoms of deficiency, the values of leaf
potassium content were 0.40 dag kg'. This phenomenon of low potassium availability and no apparent
symptoms is known as "hidden hunger.” These findings reinforce the importance of the appropriate use of
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remineralizers in the optimization of soil fertility.

Relative Leaf Potassium Content % (LV) Relative Leaf Potassium Content % (LA)
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Figure 4. The polynomial curve for evaluation dose-response and relative efficiency of KMC about the relative
content of leaf potassium in millet, soybean, and beans in LV and LA

Regarding the leaf contents of potassium found for common beans in LV and LA soils, it was observed that there
were significant differences in the treatments in both soils. In the LV soil, the F test was 4.5, with a CV of
19.70%, while in the LA soil, the value of the F test was 3.20%, with a CV of 25.8% (Table 5).

For both LV and LA soils, the highest K* content found was related to the reference treatment 60 Ekosil, not
differing statistically from the 60 KMC treatment in both soils. For the LV, the values found for the standard dose
of 60 K,O for Ekosil and KMC treatments presented adequate levels within the values proposed by Malavolta
(1997), ranging from 2.0 to 2.5 dag kg'!. However, according to these values, no treatment presented an adequate
level of leaf K* in the LA soil. As for the reference treatment, 60 KCL presented lower results compared to the
standard dose of 60 K,O of Ekosil and KMC. Favorable conditions for leaching losses may explain the lower
levels of leaf potassium in the bean, along with the non-application of fertilizers in the crop. The values found
for the common bean are in accordance with the study conducted by Soratto et al. (2021), using alkaline rocks
and phonolite as potassium sources for bean cultivation in clayey Oxisol. On average, the author found values of
2.2 dag kg!, similar to the values obtained in this study for the same soil classification, Clayey Oxisol (LV).

When analyzing the 2™ degree polynomial regression of leaf K* contents in common beans about KMC K,O
rates in LV and LA soils, it was found that there were significant increments up to the dose of 160 kg ha™! and
150 kg ha! of KMC KO in LV and LA soil, respectively (Figure 4). Bean is a nutrient-demanding crop due to
its limited and shallow root system, as well as its relatively short growing cycle. For this reason, it is of utmost
importance to ensure the proper availability of nutrients to the plant at the appropriate times and places. The
analysis of plant tissues plays a key role in the assessment of nutritional status, especially for nutrients such as
nitrogen and micronutrients (Faquin, 2002).

Supporting the conducted study on the potential use of rocks as a source of potassium, a comprehensive
investigation involving 16 types of rocks found that the utilization of rock powder is highly advantageous due to
its gradual and slow-release attributes. This characteristic allows residual portions of the rock powder to
transform into clay over time, establishing a significant "nutrient bank." This nutrient reservoir ensures a
consistent release over extended periods, resulting in enduring effects on soil fertility and optimization of costs
linked to fertilizer application (Mbissik et al., 2023).

Comparing the agronomic efficacy of the use of silicate rock powders with soluble fertilizers is a challenging
task, as conventional fertilizers often provide readily available isolated nutrients for the growth cycle, while the
potential effects of rock powder uses are diverse but generally slower and may be long-term and more difficult to
quantify (Swoboda et al., 2022).

3.4 Limitations of the Study and Areas for Further Research

In terms of the potential applications of the study, it is important to note that we have explored the possibility of
a new source of potassium for agriculture from a local deposit that has not yet been agronomically tested. As
mentioned above, Brazil is a major agricultural producer, but faces a significant dependence on potash imports.
However, the viability of this type of rock material is limited to a local scale due to its low K,O content, which
requires significantly higher quantities compared to traditional fertilizers. This characteristic, in turn, poses
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logistical and financial challenges for its use over long distances. On the other hand, its low cost makes it an
attractive alternative for local producers.

The positive results obtained in this study are in line with the Brazilian regulations for agrominerals. However,
there are opportunities for future research, especially in field experiments with other crops, preferably those
grown in the Brazilian Midwest, such as sugarcane. In addition, it is crucial to conduct long-term follow-up
studies, as residual effects have shown promising results.

4. Conclusion

Based on the results of this study, it is possible to infer that the use of agromineral from saprolite of nepheline
syenite extracted from the deposit in the Brazilian Midwest can be utilized as an alternative source for
supplementing K,O in agriculture due to its pulverization into particles with a granulometric size smaller than
0.42 mm and a content of 11.6% K,O, which facilitates weathering for more efficient release of K.

The results demonstrated that the agromineral was capable of increasing potassium levels in all treatments in
both evaluated soil types, both in the soil itself and in the leaves, when compared to the control group.
Furthermore, there was also an increase in productivity. The residual effect of the agromineral stood out with
higher bean plant productivity compared to reference treatments in the clayey LV soil.

In conclusion, the tested agromineral has the potential to reduce the dependency on KCI imports for local
producers. It presents itself as an alternative for potassium supplementation, with long-term residual effects,
while also addressing the demands for more natural and sustainable agricultural practices, which aligns with the
public policy of the National Fertilizer Plan (2022-2050). Conducting field studies with subsequent harvests is
recommended to validate the benefits under more realistic environmental conditions.
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