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Abstract

Combining potassium-containing rocks with conventional KCl may improve the agronomic
use of K rock and reduce leaching from high-soluble sources. The aim of this study was
to evaluate K rocks (phonolite and alkaline) and the mixture with KCI at different K rates
on the biomass production of maize and rice (residual effect), K uptake, and K leaching.
The experiment was conducted in greenhouse columns with sandy soil. The experimental
design included four K sources: PR (phonolite rock), PR + KCl in an 86:14 mass ratio,
AR (alkaline rock), and KCI; three K rates (100, 200, and 400 mg kg’l) ; and a control (no
K), with five replicates. PR + KCl resulted in similar maize biomass (120 g column—1)
and K uptake (18 mg g~ ') compared to KCl, and it was higher than the PR, the AR, and
the control, which produced 86, 48, and 32 g column—1, respectively. The residual effect
of PR, PR + KCl, and KCl generated similar rice biomass. K leaching reached 15% of K
applied with KCI and was reduced by 50% with K rocks. Thus, the mixture of PR + KCl
can improve K fertilization compared to KCl, enhancing maize and rice biomass while
reducing K leaching.

Keywords: igneous rock; K-bearing mineral; K release; K requirements; potash; silicate

1. Introduction

Potassium (K) represents 2.1% to 2.3% of the Earth’s crust and is the seventh most
abundant element. K is the first or second nutrient most required for cultivated crops [1].
However, the large arable areas used in agriculture have low K levels [2]. This occurs more
frequently in sandy, acidic, and highly weathered soils [3]. Most soils in Brazil are classified
as Oxisols, which are generally well drained, acidic, and have a low cation exchange
capacity and exchangeable K content (<1.5 mmol. dm~3). Oxisols, therefore, require a high
amount of K application and carry risks of K leaching.

Brazil is one of the largest agricultural producers worldwide, but 80% of its fertilizer
is imported from international markets [4]. Recently, fertilizer prices have been markedly
higher due to the COVID-19 pandemic, the Russia—Ukraine war, high gas prices in Europe,
and Chinese sanctions on, for example, potash production in Belarus [5]. Russia and
Belarus account for 41% of global potash production. Fertilizer prices have increased, from
USD 300 to USD 1200 per ton, which has in turn increased food prices [5]. Alternative K
fertilizers composed of native rock materials may present the opportunity to reduce Brazil’s
dependency on the international market.
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Crops demand high amounts of K, with K fertilization usually applied two times during
plant development to reduce losses in the soil-plant system and avoid the saline stress of
conventional K fertilizers, such as KCl. For example, in Brazil, the farmer guidance for the K
fertilization of maize (Zea mays L.) and upland or paddy rice (Oryza sativa L.) is to apply no
more than 50-80 kg ha~! of K,O at sowing for a K rate higher than 120-140 kg ha~! [6]. K
leaching below a 1 m soil depth can be significant, reaching 16% of total K in clay loam and
52% in sandy soils, as reported in a maize-soybean rotation system with potassium fertilizer
applied up to 150 kg ha=! [7].

Several rock materials have been tested as alternative K sources, such as feldspars,
nepheline, micas, gneiss, glauconite, and others. Some materials have yielded promising
results, while others have shown no agronomic benefits [8]. The most common K rock
source used is alkaline feldspars, which contain approximately 11% K. Alkaline feldspar
is highly resistant to the weathering process and then is not promptly released to plants.
Studies have reported similar or even higher crop yields from K rock materials or the
mixture of K rock and conventional fertilizers compared to KCI or K,SO4 sources [9-14].
On the other hand, some studies have reported lower yields from K rock or the mixture of
K sources compared to conventional KCl, with a relative efficiency ranging from 27% to
64% compared to KCl [9,15-17].

The dissolution of K rock materials applied to soils can be mediated via soil pH,
organic acids from plant roots, microorganisms, and soil organic matter [8,18-20]. The use
of K rock combined with conventional fertilizers can supply soluble and slow-release K.
In a study on phonolite combined with KCl (30% KCI + 70% phonolite) in palisadegrass
biomass, the phonolite had a relative efficiency of 29%, whereas the mixture of KCl with
phonolite presented 63% efficiency [15]. Thus, different K rock sources achieve different
efficiencies, depending on the material and interaction with the soil type.

K rock sources offer an alternative for K fertilization, but they must maintain a high
crop yield and K fertilization efficiency and avoid K leaching. The mixture of K rock
materials with conventional KCI can be advantageous, combining a soluble K source with
slow release; however, few studies have been conducted. To our knowledge, this is the
first study evaluating a blended K fertilizer (K rock + K soluble) with a low amount of
synthetic fertilizer (14%). The aim of this study was to evaluate K-containing rocks and the
mixture with KCI at different K rates on biomass production of maize and rice (residual
effect), K uptake, and K leaching compared to KCI. The following hypotheses are proposed:
(i) phonolite (feldspar with different composition) achieves a higher efficiency than common
feldspar alkaline rock for biomass production; (ii) K rock sources have lower efficiency
than conventional KCl, requiring a higher K rate; (iii) blending K rocks with KCl (86:14
mass ratio) results in similar biomass productions compared to KCI; (iv) K rock sources
and mixture with KCl have a higher residual effect for subsequent crops than KCl alone;
and (v) K rock sources and the mixture with KCl reduce K leaching compared to KCl alone.

2. Materials and Methods
2.1. Greenhouse Column Experiment

The experiment was conducted in a greenhouse at the Luiz de Queiroz College of
Agriculture (ESALQ/USP). The greenhouse has natural sunlight incidence, forced-air
ventilation, and an evaporative cooling pad system. The air temperature during the
experiment varied between 19 °C and 39 °C (minimum and maximum means), and the
relative humidity was between 21% and 64% (Supplemental Figure S1). The soil was
sampled from 0-20 cm and 20-40 cm depths of a Latossolo Vermelho-Amarelo (Brazilian
classification) [21], corresponding to a Typic Hapludox [22], with sandy loam texture. The
soil sample was air-dried and analyzed for chemical and physical properties (Table 1).
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The soil had low content of available K [6,7]. Lime was applied to the soil samples to
increase the base saturation to 70% and the soil pH-CaCl, to 6.0, which is the regional
recommendation [6]. A PVC column of 45 cm in height and 15 cm in diameter was used for
plant growth, and it contained 9 kg of soil (4.5 kg of each soil layer).

Table 1. Chemical and physical properties of soil before the experiment.

Soil Depth pH OM P K Ca Mg H+Al CEC BS Sand  Silt Clay
cm - gdm—3 mgdm-3 mmol. dm—3 % gkg1
0-20 49 15 9 1.2 10 6 18 35.2 49 817 19 163
2040 4.7 10 6 0.7 10 5 18 33.7 47 811 14 175

Extractants: OM: organic matter, dichromate oxidation; pH CaCly; phosphorus (P), potassium (K), calcium
(Ca), and magnesium (Mg): ion exchangeable resin; hydrogen and aluminum (H + Al): SMP Buffer solution
(pH 7.0); CEC: cation exchange capacity. BS: base saturation. Soil samples were analyzed for chemicals [23] and
particle-size [24] contents.

The experiment consisted of a factorial design with four K sources (PR—phonolite,
PR + KCl, KCl, and AR—alkaline rock), three K rates (100, 200, and 400 mg kgfl), and
one additional treatment (control) with five replicates in a completely randomized design,
totaling 65 columns. The K sources were applied to maize, and their residual effects were
evaluated using rice. The K rates of 100, 200, and 400 mg kg ! correspond to 50, 100, and
200 kg ha™! of K,O (0-20 cm depth), considering that K fertilizer is applied in a band
that represents around 15-20 cm of crop rows spaced 45-90 cm in a field. The K rocks
and PR + KCl were produced by Yoorin Fertilizantes® (Pogos de Caldas, Brazil) and are
commercially available. PR and AR were alkaline feldspar of volcanic origin but with
different compositions and formation processes. The K rocks were from Pogos de Caldas,
MG, Brazil. The PR was obtained by milling a phonolite rock, and the AR was derived
from milled alkaline K-silicate rocks. The PR + KCl consisted of 86% PR and 14% KCl (86:14
mass ratio), yielding a granulated fertilizer with 54% K,O from KCI and 46% from PR. KCl
is the conventional K fertilizer, and it contains 60% K,O.

The K sources materials were analyzed for K;O content and solubility (total, citric
acid, and water), following procedures [25] in which the soluble source KCI has 100% of
the K content available for plant uptake (Table 2). The K soluble in water was extracted
from fertilizer (2.5 g) with water (210 mL) + ammonium oxalate 40 g L~! (40 mL). The
K soluble in citric acid 2% was extracted from fertilizer (1 g) with C4HgOy 0.02 g L~!
(100 mL). The total K content was extracted from fertilizer (1 g) with HCIOy4 (5 mL) and HF
(5 mL). The K content in each extractant was determined via photometry [25]. The K rates
were applied based on the total K content of the fertilizers.

Table 2. Potassium content in the K sources according to extractant.

Potassium Content

K Source Total * Citric Acid 2% t Water t
K,0 Content (% of Total K,O)
Phonolite rock (PR) 7.59 0.79 (10%) 0.06 (0.8%)
PR + KCl 15.60 11.44 (73%) 10.41 (67%)
Alkaline rock (AR) 12.40 0.22 (1.8%) 0.20 (1.6%)
KC1 60.15 60.15 (100%) 60.10 (100%)

* HCIO,4 and HE. * C¢Hg O 0.02 g L1, ¥ Water + ammonium oxalate, 40 g L1, Values in parentheses indicate the
percentage of K,O content within the total K,O content.

For plant cultivation, the nutrients N, P, S, B, Mn, Zn, Mo, and Cu were applied at
rates of 150, 200, 50, 1.05, 3, 5, 0.1, and 1.5 mg kg’l following the soil analyses [26]. Before
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the columns were filled with soil, the sources of K, P (ammonium monophosphate), and S
(gypsum) were homogeneously mixed in the soil corresponding at the 0-20 cm soil layer.
The N and micronutrients were applied as a solution on the soil surface after sowing, and
they were reapplied at the same rate 15 days after plant emergence.

Maize (cultivar MG545 PW) was grown for 60 days after emergence (R1: silking
stage) at a density of two plants per column, corresponding to a distance of around 10 cm
between plants and a plant density higher than the field, considering a recommended
sowing density of four seeds per meter [27]. Upland rice (cultivar IAC 202) was sown after
the maize harvest and grown for 60 days (RO: panicle initiation stage) at a density of four
plants per column. All plant nutrients, with the exception of potassium, were applied at
the same rate for both rice and maize cultivation in order to evaluate the residual effect of
K sources. Rice cultivation was also used to evaluate the release of K from K rock materials
over a longer period of time.

Soil moisture was maintained at nearly 70% of its maximum water retention capacity
during plant growth (1800 mL in 9 kg soil). Water loss (evapotranspiration) was replaced
daily with weighting plots, and a simulation of 25 mm of rainfall was conducted weekly,
corresponding to 442 mL per column. The volume leached was collected after the simulated
precipitation events using flasks connected with plastic tubes below the columns. The
flasks were replaced weekly.

2.2. Biomass, Nutrient Uptake, Soil K Content, and Leaching Analyses

The plant height, tillering, and the chlorophyll index were evaluated at 15, 30, 45, and
60 days after emergence. The plant height was measured in maize plants from the soil
surface up to the tallest leaf node. The number of tillers per column was counted in rice
cultivation.

The chlorophyll index was measured via soil-plant analysis development (SPAD),
which captures the relative chlorophyll content using a chlorophyll meter (SPAD-502 Konica
Minolta, Singapore). The values usually ranged between 20 and 50, with higher values
meaning greener and lower plant stress. The chlorophyll meter was calibrated before
measurements by holding the measurement head of the equipment with no sample. The
measurements were performed at the central part of the first or second totally developed
leaf, avoiding the veins. The chlorophyll index of each plot corresponded to the average of
three measurements in two plants of maize and rice, for a total of six reads per pot.

The biomass production of maize and rice was evaluated 60 days after emergence.
The plants were cut close to the soil surface, and 1 cm aboveground biomass was weighed
after being oven-dried at 65 °C for 72 h. The relative efficiency (RE%) of K sources (Bxsource)
compared to KCl (Bk;) on biomass production was calculated with the following equation:
RE% = Biomass(ksource)/ Biomass(xcy) x 100. The dry biomass was ground in a Willey mill,
and K content was analyzed using nitric—perchloric acid digestion and flame photome-
try [28]. K uptake was calculated with a consideration of the total biomass production and
K content.

The K, Ca, and Mg leached were evaluated weekly after the simulated rainfall. The
amount of water leached per column was on average 140 4= 50 mL, which was collected in
18 events during the 126 days of the experiment. After the leachate was filtered to avoid
contamination with soil particles and organic matter, the K content in the leachate was
determined through flame photometry (Micronal B262, Sao Paulo, Brazil), and Ca and Mg
were determined using atomic absorption spectroscopy (Varian AA 24 CPS, Burladingen,
Germany) [23]. The accumulated K, Ca, and Mg that had leached were calculated for the
period of maize and rice growth.
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The soil-exchangeable K content was evaluated after rice harvest at soil depths of 0-20
and 20-40 cm. The soil of each layer was removed from the columns and homogenized, and
a soil sample was collected. Soil K was extracted with Mehlich solution and determined
using flame photometry (Micronal B262) [23].

The data were analyzed in a factorial design with an additional treatment; the
treatment means were compared via two-way ANOVA (p < 0.05) using the Tukey test
(p < 0.05) for K sources and linear regression (p < 0.05) for the K rate. The comparisons were
analyzed for each K rate or each source when the interaction between K source and K rate
was significant. The treatments were also compared with orthogonal contrasts (p < 0.05) for
specific effects, such as the difference between each K source and the control plot. Statistical
analyses were performed using the R software, version 4.2.3 [29], with the ExpDes [30] and
gmodels [31] R packages, and the graphics were plotted in Sigmaplot, version 12.5 [32].

3. Results
3.1. Maize Biomass and K Uptake

The chlorophyll index in maize was influenced by K sources in the evaluation periods,
with the highest values at 30 days and the lowest at 60 days after emergence (Supplemental
Table S1). At 15 and 30 days, the K sources had a higher chlorophyll index than the
control plots; at 45 days, PR had a higher chlorophyll index than the control (40.1 and 36.9,
respectively); and at 60 days, KCl and PR + KCI had a lower chlorophyll index than the
control. In general, KCl and PR + KCI presented a higher chlorophyll index compared to PR
and AR, except at 60 days, when the values were lower. The chlorophyll index underwent
a linear decrease according to the K rate (100 to 400 mg kg ') at 45 and 60 days, and it was
not significant at 15 or 30 days (Supplemental Table S1).

The K sources evaluated increased the height of maize plants in the present study
(Supplemental Table S1). At 15 and 30 days after emergence, all sources resulted in a higher
maize height than control plots. At 45 and 60 days, AR was the only source that did not
differ from the control plots (Supplemental Table S1). The KCl and PR + KCl plots had
higher heights compared to the other K sources; for example, at 60 days, these sources
resulted in heights of around 120 cm, compared to 98 cm for PR, 58.7 cm for AR, and
48.8 cm for the control plots. Increasing the K rate from 100 to 400 mg kg ! showed a
linear increase in maize height at 15 days, and increased from 33.8 to 36.2 cm at 30 days
(Supplemental Table S1).

The biomass production of maize increased with all K sources compared to the control
treatment, which presented K deficiency symptoms affecting plant growth and biomass
production (Figure 1A). The KCl and PR + KCI treatments resulted in biomass productions
of approximately 120 g column~!, which were higher than other treatments and corre-
sponded to an increase of 400% compared to control plots. The biomass production was
equivalent to 3.6 Mg ha~! at a plant density of 60,000 plants ha~! in the field. The PR source
generated higher biomass production than the AR source, corresponding to 86 g column ™!
and 48 g column !, respectively, representing 72% and 40% of biomass production with
KCl, while biomass production from the control plot was 32 g column~! (Figure 1A).

The K contents of the maize biomass were 19 mg g~ ! and 18 mg g~ ! for KCl and
PR + KCJ, respectively, and they were higher than for other K sources and control plots;
PR and AR did not differ from the controls and had a K content of 5-7 mg g~ ! (Figure 1C).
The K uptake had a similar response, with higher values for KCl and PR + KCl sources,
reaching a total accumulated K of 2300-2500 mg column~! in the biomass; PR had a higher
K uptake of 594 mg column~! than control plots, at 155 mg column~!. The K content in the
AR source did not differ from the control (Figure 1E).
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Figure 1. Maize shoot biomass (A,B), K content (C,D), and K uptake (E F) due to K fertilizer source
application (PR—phonolite, PR + KCl, KCl, and AR—alkaline rock) and application rate, cultivated
over 60 days in greenhouse columns. Means followed by the same lowercase letters do not differ from
the Tukey test (p < 0.05). * Significant difference from control treatment (p < 0.05). Linear function
parameters are shown in Table S3.

In general, the biomass, K content, and K uptake were higher in PR + KCl and KCl
than in other sources in the K rates evaluated (Figure 1). Increasing the K rate from 100 to
400 mg kg~! increased maize biomass in PR, PR + KCl, and KCl but not in AR (Figure 1B and
Table S3). PR + KCl produced a linear effect of K rate application on the K content in biomass,
while the K rate had no effect on the other K sources (Figure 1D and Supplemental Table S3).
The K uptake in PR + KCl increased from 1494 mg column ! to 2810 mg column ! at a K rate
of 100400 mg kg~ !; and in KCl, it increased from 2042 mg column ™~ to 2849 mg column !
at the K rate of 100400 mg kg ! (Figure 1F and Table S3).

3.2. Rice Biomass and K Uptake

The chlorophyll index was not influenced by the residual effect of K source application,
and there was no difference between control plots in terms of K rate (Supplemental Table S2).
The number of tillers was higher with PR + KCI and KCI than the control plots at 15 and
30 days after emergence. At 60 days, all K sources promoted higher tillering than the control
plots. KCl resulted in a higher number of tillers than AR at 15 and 30 days after emergence.
The residual effect of K rates underwent a linear increase in tillers, except at 60 days, which
was not significant (p < 0.05) (Supplemental Table S2).

The K sources had a residual effect of increasing the rice biomass compared to the
control (Figure 2A). The residual effects of PR, PR + KCl, and KCl resulted in similar
biomass production, corresponding to 20 g column~!, which was higher than AR with
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14 g column ! (Figure 2A). The K content in biomass and total K uptake were higher in
PR + KCl and in KCI compared to other treatments (Figure 2C,E).
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Figure 2. Rice shoot biomass (A,B), K content (C,D), and K uptake (E,F) due to residual effect of K
fertilizer source application (PR—phonolite, PR + KCl, KCl, and AR—alkaline rock) and application
rate, cultivated over 60 days in greenhouse columns. Means followed by same lowercase letters do
not differ from Tukey test (p < 0.05). * Significant difference from control treatment (p < 0.05). ns: not
significant. Linear function parameters are shown in Table S3.

The residual effect of PR, PR + KCl, and KCI underwent a linear increase according to
K rate application and increased the biomass production of rice equally. AR showed no
effect of K rate addition and lower biomass production compared to PR, PR + KCl, and KCl
(Figure 2B). The K rate with PR + KCl and KCl sources had a linear effect on the K content,
while the PR and AR sources had no effect. The K content was higher with KCl than other
K sources, especially at the K rate of 400 mg kg~! (Figure 2D). The K uptake increased with
the K rate addition for PR, PR + KCl, and KCl sources, while for AR, it produced no effect.
At the K rate of 400 mg kg !, KCl reached a higher K uptake than other K sources, and
PR + KCl was higher than PR and AR (Figure 2F).

3.3. K, Ca, and Mg Leaching and Soil K Content

K leaching increased until 30 days after maize emergence, mainly in the KCI and
PR + KCl treatments, and it then underwent little change until the end of the experiment at
126 days (Figure 3A). KCI's total average K leached was 400 mg column !, corresponding
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to 15% of K applied (6-21%); this was higher than in the PR + KCI source, which had K
leaching of 180 mg column™!. PR and AR resulted in similar K leaching to control plots at
around 20 mg column~! (Figure 3A). K leaching increased according to a K rate for the KC1
and PR + KCl sources but had no effect for PR and AR (Figure 3D). K leaching was higher
with KCl than PR + KCl at a K rate of 400 mg kg_l, while PR and AR showed the smallest
amount of leaching (Figure 3D).
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Figure 3. Accumulated leaching dynamic of K (A), Mg (B), and Ca (C) and total leachate (D-F) during
the cultivation of maize and rice over 120 days in greenhouse columns in relation to the application
of K fertilizer source (PR—phonolite, PR + KCl, KCl, and AR—alkaline rock) and rate. The arrows
indicate the maize harvest and subsequent rice growth. Means followed by the same lowercase letters
do not differ from the Tukey test (p < 0.05) at the maize (60 days) and rice (120 days) harvest times.
* Significant difference from control treatment (p < 0.05). ns: not significant (p < 0.05).

Ca and Mg leaching increased with the passage of time during maize and rice growth
and were higher in the control plots than in the treatments with K application (Figure 3B,C).
Mg leaching was 521 mg column~! in the control treatment, 279 mg column~! with PR,
and 350 mg column~! with the other K sources (Figure 3B). Total Ca leaching in the control
treatment was 919 mg column~! over 120 days and 773 mg column~! with AR, which was
higher than other K sources (Figure 3C). Ca leaching increased with an increased K rate
for PR + KCl and KCl treatments (Figure 3E). PR resulted in lower Ca leaching at a K rate
of 400 mg kg~! compared to KCI, AR, and PR + KCI (Figure 3E). Mg leaching decreased
with an increased K rate for PR, while Mg leaching increased with an increased K rate for
KCl (Figure 3F). PR had lower Mg leaching than KCl, AR, and PR + KCl at a K rate of
400 mg kg ! (Figure 3F).
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The K content of soil after maize and rice cultivation ranged from 7.6 to 20 mg kg~ at
a soil layer of 0-20 cm. On average, AR presented lower K content than the PR, PR + KCl,
and KCl source (Supplemental Table S4). PR + KCl had a soil K content of 14.5 mg kg™,
which was higher than the control plots (9 mg kg~!) at a 0-20 cm soil depth. On average, an
increased K rate resulted in a linear increase in K content at the 0-20 cm layer (Supplemental
Table S4). At the 2040 cm layer, PR + KCl and KCl yielded higher soil K content than PR and
AR at almost all K rates (Table S4). The average soil K content was highest for KCl, followed
by PR + KCl, PR, and finally AR. All K sources had higher soil K content than the control
plots at the 2040 cm layer, with the K content increasing in a linear pattern according to the K
rate. The only exception is AR, for which the effect of the K rate on the soil K content was not
significant (Supplemental Table S4).

4. Discussion

In general, K application increased the chlorophyll index, the plant height in maize,
and the tillering in rice at the evaluated time points. The KCl and the mixture of phonolite
and KCl resulted in higher values compared to PR, AR, and the control treatment. However,
the increase in the K rate from 100 mg kg ™! to 400 mg kg~! decreased the chlorophyll
index of maize at 45 and 60 days after emergence. The chlorophyll index can be affected by
various factors, such as cultivars, growth stage, environmental conditions (temperature,
water stress, light, etc.), nutritional deficiency, and others [33]. As such, it is likely that
the chlorophyll index reflected the absence of K fertilization at the beginning of maize
development (up to 30 days), but at 45 and 60 days, it could be related to other stress factors
due to high biomass production in columns, such as nutrient depletion from limited soil
exploration by roots, especially on subsequent rice growth, which decreased or had no
effect on the chlorophyll index in relation to an increasing the K rate.

The K sources and application rate increased the maize biomass production in the
present study. K rocks produced a lower biomass compared to the conventional KCl source
or the mixture of PR with KCl. K rocks have low solubility in water (0.8-1.6% of the K total).
However, PR + KCl resulted in 67% K soluble in water (Table 2), with efficiency similar to
KCl fertilizer (100% K soluble in water), including at a low K rate. Beyond the fact that
PR + KCl fertilizer has only 14% KCl and 86% K rock (mass ratio), it also has high solubility
in water, improving the use of K rock as a source. It is likely that the high solubility of K
sources is necessary to improve maize development. The present study reports a promising
effect of combining K rock material with the smallest amount of KCl (14%) among other
mixing K sources tested in the literature. In another study, a mixture of 30% KCI + 70%
phonolite showed a relative efficiency of 63% compared to KCl [15], while in the present
study, the mixture of PR with KCl promoted similar efficiency to synthetic fertilizer. It
is likely that the industry process to produce the mixture of PR with KCl resulted in a
fertilizer with higher solubility in the present study compared to other literature [15]. In the
present study, the solubility (water) of the mixture source was 67% of the total K content,
allowing appropriate K nutrition and plant development.

The application of only K rock had lower efficiency compared to conventional fertilizer
and had a similar residual effect to KCl. Phonolite rock had a relative efficiency of 72%
compared to KCI in maize biomass production, while the alkaline feldspar rock resulted
in an efficiency of 40%. The K release from rock sources was probably enhanced due to
organic acids exuded from maize plants, which reduce soil pH in the rhizosphere [18]. The
residual effect of K rock sources achieved similar efficiency compared to the mixture of
PR with KCI and KCI only and promoted higher subsequent rice production compared to
control plots. PR had a stronger residual effect than AR, revealing the limited release of K
from AR. Rice was grown soon after maize without disturbing the soil in the columns, and
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therefore, the maize roots could have had an influence on rice growth (e.g., decomposition
and nutrient cycling), along with the relatively short time (60 days). Nevertheless, all K
sources had a residual effect on rice biomass, resulting in higher production compared to
control plots.

Other studies have reported increased efficiency for K rocks with solubilizing mi-
croorganisms amendments [34-38], organic compounds [39-42], or thermal and chemical
process treatments [43—45]. Inoculants have exhibited good efficiency in laboratory studies
but not at the field scale [42], though physical and chemical modifications or biological
treatments such as solubilizing bacteria and fungi usually generated better results. Further
studies should evaluate the mixture of K rock and soluble K fertilizer at field scale and
should also evaluate associations with solubilizing microorganisms.

The literature has identified contrasting efficiencies of K rock materials in supplying
K. One review study found that several rock materials achieved positive results, while
others have identified no agronomic benefits [42]. Recently, it was reported that potassium
rocks (mica, feldspar, and greensand) resulted in higher biomass (palmarosa and oat) than
a control treatment; the mica source produced a similar yield and K uptake compared
to KClI [9]. The authors found up to five times higher K release (in water and citric acid)
from mica than from other K rocks. Phonolite and alkaline silicate rock sources resulted
in similar rice and bean yields compared to KCl [13]. Other studies have also reported
similar efficiency for K rocks compared to a conventional K fertilizer. For example, the
gneiss material promoted similar ryegrass production rates and K uptake compared to
K5S04 [12], and K feldspar rocks and the mixture of 50% K rock + 50% KCl showed higher
or similar rice and wheat yields compared to KCl [14]. Conversely, the use of K rock can
result in lower efficiency compared to conventional fertilizers, such as lower biomass for
palmarosa and oat when treated with K rock from feldspar and greensand compared to
KCI [9] and a lower shoot biomass with nepheline and phonolite than with KCl, reaching
relative effectiveness up to 27-29% of KCI in medium texture soil and 50-64% in sandy
soil [17].

The use of K rocks has produced different performances according to site-specific
conditions, such as K rock material, crop, soil, and climate. Hence, a K source combining
K rock with a small amount of KCl may be advantageous by supplying soluble K and
slow-release K, and optimizing the use efficiency of K rock for high crop yield, especially
when K rock efficiency is low. The production of a K source containing a large quantity of
national K rock (Brazil, in this case) and a small amount of imported KCl can reduce the
costs of the K fertilizer, given that the price of K rocks represent less than 30% from that
of KC1 [46]; this would reduce the dependency on the international market, which would
benefit local farmers and prevent price fluctuations.

Ca and Mg leaching was higher in control plots than with added K sources, which
likely occurred due to the lower biomass production (including roots and nutrient uptake)
in control plots. The K leaching was, on average, 15% of the K applied with KCI treatment,
while the mixture of K rock with KCl reduced this loss by more than 50% (Figure 3). In
addition, PR + KCl resulted in lower K content in the 20-40 cm soil layer than KCl, reducing
the risk of leaching. The study was conducted in greenhouse columns, where plant roots
can better explore the soil; this results in higher nutrient extraction compared to the field.
The K uptake for maize with KCl ranged from 2000 to 2800 mg column~! for a K application
rate of 900-3600 mg column~! (100 to 400 mg kg~ !), demonstrating that a low K rate can
result in a negative K balance (K removal > K input) and consequently a depletion in soil K
content [47]. Another study indicated a reduction in K leaching; with a simulated rainfall
of 14 mm (4 events), the KCl treatment underwent K leaching of 100 mg K column~! (5% of
total K applied) in sandy soil, with the K rock source reducing this loss [48]. In the present
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study, the mixed source of PR with KClI resulted in substantial reduction in K leaching,
which improved K fertilization by increasing K use efficiency. Future research should
evaluate the effectiveness of the mixture of PR + KCl in reducing K loss via leaching at the
field scale.

Using K rock materials in agriculture as a successful alternative K source involves the
consideration of aspects such as the NayO content and salinity index of the material, the
energy expenditure in the melting process, and agricultural operation and logistics costs
due to low K;O contents, which may limit fertilizer use only to locations relatively close to
their production sites [13]. At the same time, the indigenous source of K can supply Ca,
Mg, and Si present through K rock materials, which can improve crop yields [14].

5. Conclusions

In this study, phonolite (PR) and alkaline feldspar (AR) K rocks achieved a lower
efficiency in maize biomass production compared to conventional KCl fertilizer, reaching
relative efficiencies of 72% and 40% of KCl, respectively. However, the mixture of PR
with KCI (KCl 86:14 mass ratio) was promising, and it resulted in similar efficiency to KCl
fertilizer in maize biomass production. K rock sources and the mixture of PR with KCl had
a similar residual effect on rice production compared to KCl during the 120-day timeframe.
K leaching was, on average, 15% of the K applied from the KCl fertilizer; the mixture of K
rock with KCl reduced this loss by more than 50%.

The mixture of phonolite rock with a small amount of KCI fertilizer (14%) can op-
timize K fertilization, resulting in similar biomass production to conventional fertilizer
and reducing K loss via leaching, which may improve K use efficiency. Future research
should evaluate this K source at the field scale, as it may reduce K fertilization costs and
the dependency on the international market.
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index and tillering at different time of rice cultivation due to K source and rate; Table S3: Equation
parameters and coefficient of determination adjusted to maize and rice biomass, K content, and K
uptake according to K rate (100, 200, and 400 mg kg_l) and K source; Table S4: Exchangeable K
content in soil layers after maize and rice growth according to of K fertilizer source and application
rate (100, 200 and 400 mg kg~ 1).
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