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Abstract

The mitigation of greenhouse gas emissions in livestock farming is one of the main chal-
lenges for agriculture in the Cerrado biome. Among promising practices, the use of soil
remineralizers (REM) stands out as a sustainable and complementary alternative to con-
ventional fertilizers. This study evaluated the effects of applying REM derived from basalt
and biotite schist on emissions of N,O, CO, and CHy, the global warming potential (GWP),
as well as on soil carbon and nitrogen in Urochloa brizantha cv. BRS Paiaguds pasture. The
experiment was conducted in randomized blocks with five treatments (control, KCl, basalt
8.33 Mg ha~!, basalt 40 Mg ha~!, and biotite schist 151 Mg ha~!). Results indicated that
KClI and high-dose basalt (40 Mg ha~!) promoted greater accumulated N,O emissions
and higher GWP values. In contrast, biotite schist reduced N,O emissions and showed
the lowest GWP (81.67 kg CO, eq. ha~1), while basalt at a moderate dose (8.33 Mg ha™1)
increased soil C and N stocks. It is concluded that soil remineralizers, especially those
derived from biotite schist, represent viable alternatives to reduce environmental impacts
and promote the sustainability of tropical agricultural systems in Cerrado biome.

Keywords: silicate agrominerals; greenhouse gas emissions; —glucosidase; arylsulfatase;
low-carbon agriculture; tropical savannas

1. Introduction

As climate change intensifies, adopting agricultural practices that reconcile ecosystem
protection with productive efficiency is increasingly urgent [1,2]. Such practices should
enhance carbon capture and storage while maintaining soil health and biodiversity [3].
On the other hand, food systems are responsible for one-third of global greenhouse gas
(GHG) emissions [4]. In tropical conditions, the contribution of food systems for GHG is
higher and associated mainly with methane emissions [5]. In Brazil, food systems are the
leading source of GHG emissions, accounting for about 1.8 GtCO,e in 2021, or 73.7% of the
country’s total (2.4 GtCO,e). Land use change and forestry, driven mainly by deforestation,
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accounted for 56.3% (1.0 GtCOze), while agriculture contributed 33.7% (600.8 MtCOxe) [6].
Cultivated pastures are the predominant land use within Brazilian agribusiness, covering
approximately 179 million hectares [7].

Tropical forage grasses, particularly those belonging to the genus Urochloa spp. (for-
merly Brachiaria spp.), are especially prominent. Modern tropical livestock systems face
the challenge of mitigating their GHG emissions, which in Brazil are driven mainly by
enteric fermentation (CHy) [8,9], and by the use of soluble nitrogen fertilizers (N,O) [10].
Therefore, strategies that modify soil biogeochemistry to enhance C sequestration and
reduce GHG emissions are crucial in tropical regions [11]. In this context, silicate agromin-
erals (ASi) emerge as a promising tool, acting beyond plant nutrition by directly par-
ticipating in elemental geochemical cycles [12]. Furthermore, cultivation of Brachiaria
enhances soil C sequestration and is an effective strategy for reducing GHG emissions in
agricultural systems [13,14].

This scenario highlights the need for comprehensive mitigation measures, strict defor-
estation controls [15], and agricultural practices [16]. Key actions include integrated pasture
management, adoption of low-GHG production systems, and optimization of input use,
especially improving fertilizer efficiency [17]. Implementing these measures is essential to
align Brazil’s agri-food production with its Paris Agreement commitments and to advance
global climate mitigation goals [18].

One promising approach is using soil remineralizers (REM), derived from silicate
agrominerals (ASi) rock powders that slowly release essential nutrients (K, Ca, Mg) and
sustainably enhance soil fertility [19,20]. Therefore, the use of REM should be regarded
not merely as an alternative source of nutrients, but as a comprehensive management
strategy that supports low-carbon agricultural initiatives, facilitates the restoration of
degraded land, and reduces the agricultural sector’s reliance on external inputs [21,22].
Long-term research in real-world conditions is still necessary to understand how these
factors affect soil carbon levels, aggregate stability, and nutrient efficiency across different
tropical regions [20,23-25]. Evidence indicates that basalt-derived REMs reduce soil N
emissions, particularly under temperate conditions [26,27], but may offer broader global
benefits [28]. Although REMs can enhance soil fertility [29] and promote CO, sequestration
via accelerated weathering [30], crucial information is still lacking on their direct impact on
GHG emissions in tropical pasture systems.

We hypothesized that the application of silicate soil remineralizers in tropical pastures
of the Cerrado reduces greenhouse gas emissions and enhances soil carbon and nitrogen
stocks compared to conventional K fertilization, with responses depending on the mineral
source and application rate. This study evaluated how soil remineralizers applications
affect greenhouse gas emissions, global warming potential, environmental drivers, and soil
carbon in Urochloa brizantha cv. BRS Paiaguas under Cerrado conditions.

2. Materials and Methods
2.1. Site Description and Soil Characterization

The experiment took place at the Embrapa Cerrados experimental field (Figure 1),
located in Planaltina, Federal District, Brazil, at coordinates 15°33/33.99” S, 47°44'12.32" W,
and an altitude of 1035 m. According to the Képpen—Geiger classification, the prevailing
climate of the region is designated as type Aw, which features dry winters and a summer
rainy season [31]. Between 1974 and 2024, the region received an average of 1336.8 mm of
rainfall each year, while the mean temperature during this period was 21.9 °C (Figure 2).
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Figure 1. Map of the experimental area of Embrapa Cerrados, Planaltina, Distrito Federal, Brazil.
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Figure 2. Monthly average rainfall (mm month~1) and temperature (°C) in Planaltina, Distrito
Federal, Brazil, from 1974 to 2024.

The soil was identified as a dystrophic Red—Yellow Latosol [32,33] or Ferralsol—FR [34]
with a clayey texture. The chemical and physical properties of the soil were determined
using the methods described by [35] and are shown in Table 1. In summary, the pH (H,O)
was measured in water at a ratio of 1:2.5 (v:v) by potentiometry. Ca?*, Mg?*, and AI**
were extracted with 1 mol L' KCl. Ca?* and Mg?* were measured by atomic absorption
spectrometry, and AI** by volumetry. Available K and P were extracted using the Mehlich-1
method. K* was determined by flame photometry, and P was measured with both a flame
spectrophotometer and UV-Vis spectrophotometry. H + Al was extracted with 0.5 mol L~!
calcium acetate at pH 7 and quantified by alkalimetric titration. Remaining P (P-rem) was
determined in solution after stirring 60 mg L~! of P in CaCl, 10 mmol L for 1 h in a soil:solution
ratio of 1:10 [36]. Soil organic carbon (SOC) was assessed via wet oxidation according to [37].
Based on these determinations, we calculated the sum of bases (SB = Ca®* + Mg?* + K*), the
effective cation exchange capacity (effective CEC = Ca?* + Mg?* + K* + AI**), and the cation
exchange capacity at pH 7.0 (CEC,py = Ca?* + Mg?" + K* + (H + Al)). Base saturation (BS)
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was expressed as [(Ca% + Mg2+ + K* + Na*)/CECpH7] x 100, and Al saturation (m) was
calculated as (A13*/effective CEC) x 100.

Table 1. Baseline chemical characteristics of the soil within the experimental site.

pH

H,0 K* Ca?* Mg2+ AR+ H + Al PMen oM TEB Effective CEC Total CEC A% m
cmol, dm—3 mgL-1 % cmol, dm—3 % %
5.63 0.06 2.06 0.83 0.01 4.10 0.23 2.87 2.98 2.99 7.09 42.13 0.33

OM = organic matter; TEB = total exchangeable bases; CEC = cation exchange capacity.

2.2. Experimental Design

The long-term experiment was established in September 2015. The design adopted
was randomized blocks, with three replications and 14 treatments, and plots measuring
9m? (3 x 3m). The study tested two REM derived from basalt (BAS) (Serra Geral Group,
Araguari, Minas Gerais, Brazil) and from biotite schist (BSC) (Araxa Group, unit B, from
Abadiania, Goids, Brazil; see [38], for details) as well as two control groups: one using con-
ventional agricultural fertilizer (KCl), and included two controls: a conventional fertilizer
treatment (KCl) and an unfertilized K control. All treatments received the same phosphorus
fertilization and lime application. For this study, five treatments were selected, resulting in
a total of 15 experimental units. The treatments assessed included: T1—a fertilized control
without potassium application; T2—a fertilized control with 0.17 t ha~! of KCI; T3—BAS at
833 tha~!; T4&—BAS at 40 tha!; and T5—BSC at 151 tha~!.

To adjust soil pH, 500 kg ha~! of dolomitic limestone and 1000 kg ha~! of agricultural
gypsum were broadcast and subsequently incorporated into the soil to a depth of 20 cm
using a leveling harrow. To address soil fertility requirements, the experimental units were
amended with 120 kg ha~! of P,Os, supplied as magnesium thermophosphate, along with
100 kg ha~! of FTE BR12, a micronutrient source containing 3.9% sulfur, 1.8% boron, 2.0%
manganese, and 9.0% zinc. Once these procedures were finished, each plot received its
designated treatment dose, which was applied manually and then mixed into the top 10 cm
of soil using a rotary hoe tiller.

Urochloa brizantha cv. BRS Paiaguds was sown on January 25 at an application rate of
3 kg ha~! of viable pure seeds per hectare. The pasture was maintained without grazing
throughout the experiment. Nitrogen (as ammonium sulfate, 20% N) was applied at
50 kg ha~!, thirty days after sowing. The plots were maintained in undisturbed, ungrazed
condition throughout the experiment, which spanned from 2016 to 2023. During this period,
biomass was cut annually during the rainy season. After harvesting, the biomass was
removed from the plots to promote regrowth and simulate the effects of grazing.

2.3. Sampling and Analysis of Greenhouse Gas Fluxes

Greenhouse gas flux measurements for CO,, N»O, and CH, were collected from
August 2024 through January 2025. To ensure temporal representativeness, greenhouse
gas samples were collected under varying soil moisture conditions, including drought,
transition, and rainfall periods. The determination of GHG fluxes was conducted using the
static chamber method [39-41].

Each experimental unit was equipped with a chamber. The chamber featured a metal
base (measuring 0.38 m by 0.58 m) embedded in the ground and a PVC top section, which
was covered with an aluminum thermal blanket. Together, the metal base and PVC upper
part sealed off the chamber, creating a microenvironment where gases could accumulate
for subsequent collection and analysis using gas chromatography.

Silicone was used to seal central holes in the chambers, allowing insertion of a rubber
hose fitted with a three-way valve to regulate gas outflow. A digital thermometer was

https://doi.org/10.3390/agronomy16020138


https://doi.org/10.3390/agronomy16020138

Agronomy 2026, 16, 138

50f19

installed in one of the chambers to monitor the air temperature inside. A second digital
thermometer measured the soil temperature of 5 cm below the surface during the scheduled
gas collection times. Gas samples were collected from 9:00 a.m. to 11:00 a.m., capturing the
typical daily emission conditions [42].

Gas samples (30 mL each) were collected using 60 mL polypropylene syringes
equipped with a three-way valve, then transferred into pre-evacuated vials. Atmospheric
air samples were collected from each plot to serve as a reference for the laboratory analysis
of gas specimens. The vials were first carried in ice-filled coolers, then placed in refrigerated
storage at 18 °C for later reading.

Gas concentrations were measured by gas chromatography with a Nexis GC-2030
(Shimadzu, Kyoto, Japan) equipped with a 30 m x 0.53 mm x 20 pm Rt-QS-BOND capillary
column (Restek). Nitrous oxide (N,O) was measured with an electron capture detector
(ECD), and methane (CHy) and carbon dioxide (CO;) concentrations were determined
using a flame ionization detector (FID) (Shimadzu, Kyoto, Japan).

For analytical precision, the system was calibrated using certified gaseous standards
from Messer, Bad Soden, Germany, consisting of defined mixtures diluted in high-purity
nitrogen (Nj). Calibration was performed using the following concentration ranges
(£standard deviation): N»,O at 0.2 (+0.0), 0.5 (£0.001), 1.0 (£0.1), and 2.0 (£0.1) pmol
mol~1; CHy at 1.0 (£0.0), 10 (£0.1), 50 (£0.1), and 100 (40.1) pmol mol~!; and CO, at
200 (40.1), 500 (0.5), 1000 (+0.8), and 2000 (4-2.5) pumol mol~!. The calibration curves
demonstrated excellent fit, as indicated by coefficients of determination (R?) exceeding 0.99.

The quantification limits were estimated to range from 0.08 to 0.13 pmol mol~! for
N,O, from 0.51 to 2.55 umol mol~! for CHy, and from 0.60 to 2.88 umol mol~! for CO,.
Detection limits were found to be between 0.03 and 0.04 umol mol~1! for N»O, 0.17 to
0.84 pmol mol~! for CHy, and 0.20 to 0.95 umol mol~! for CO,. Based on the sampling
time, gas fluxes were determined from these data, and cumulative emissions were estimated
through linear interpolation [10].

The fluxes were measured by the linear variation in gas concentration in relation
to the incubation time in the sampling chambers, and calculated by Equation (1), as
proposed by [43]:

FGHG = (5C/5t) x (V/A) x (m/Vm) (1)

where FN,O is the N flow in the form of N>O (g N-NO m~2 h~1); CHy (ug C-CHy m 2 h™1)
and CO; (mg C-CO, m~2 h~1) §C/ 5t is the slope of the gas concentration curve during the
incubation time interval, in nmol/h x L (air); V and A are, respectively, the chamber volume
and the soil area covered by the chamber (m?); m is the molecular weight of NO and Vm is
the molar volume of the gas at the sampling temperature.

The variables mean air temperature and rainfall were recorded by an automatic
weather station (Campbell Scientific) installed next to the experimental area. Soil bulk
density (BD) and particle density (PD) were also measured in the plots using volumetric
cylinders and a volumetric flask, respectively. Gravimetric soil moisture was determined
for a soil subsample by oven-drying at 105 °C for 48 h. Based on the results of soil moisture,
BD and PD, the water-filled pore space (WFPS5%) at each evaluation was calculated to
determine the level of anoxia in the 0-10 cm layer, by Equation (2):

WEPS = (0 x (BD/WD) x 100)/[1 — (BD/PD)] )

where WEPS is the water-filled pore space (%); 0 gravimetric water content (g g~ !); BD bulk
density (g cm~3); WD water density (1.0 g cm~3); and PD particle density (2.65 g cm~3).
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The global warming potential (GWP) of GHG emissions, based on a 100-year horizon
and Intergovernmental Panel on Climate Change (IPCC) guidelines, was estimated by the
following Equation (3):

GWP (kgCO; eq. ha™') = 265 x cumulative N,O (kg ha™') + 28 x cumulative CHy (kg ha™') 3)

2.4. Assessment of Total Soil Carbon

Soil samples were collected on 30 October 2024, at depths of 0-10, 10-20, 20-30, 30-40,
and 40-60 cm using a Dutch-type auger. In each plot, a composite sample was prepared at
each depth by combining five subsamples. A total of 75 composite samples were collected,
representing five treatments, five soil depths, and three replications across three blocks.
Soil density was measured using the volumetric ring method [44] at the same depths as
C sampling.

The samples were homogenized, transferred to open plastic bags, and air-dried at
ambient laboratory temperature. After drying, the material was sieved to <2 mm to obtain
Fine Air-Dry Earth (FADE), which was then used for total carbon (TC) determination.
For this analysis, subsamples were ground with a mortar and pestle and sieved again
to <150 pm.

Soail total carbon (TC) and total nitrogen (TN) concentrations were simultaneously
measured via dry combustion using the Vario Macro Cube elemental analyzer (Elementar
Analysensysteme, Langenselbold, Germany). Total carbon content was measured via dry
combustion using a 2400 Series II CHNS elemental analyzer through high-temperature
oxidation at 1000 °C. Carbon and nitrogen stocks were calculated using the equivalent
layer method, as outlined in the equations below. To calculate C stock, the C concentrations
for each sampled layer were converted into carbon stock values [45].

Carbon stock = (TC x BD — d)/10

where TC denotes total soil Carbon (g kg~!), BD represents bulk density (g cm~3), and d
refers to the thickness of the soil layer (cm). The value 10 serves as the conversion factor for
expressing results in Mg ha~!.

Nitrogen stock = (TN x BD x d)/10

where TN represents total soil nitrogen (g kg~!); BD denotes soil bulk density (g cm~2); d
indicates the thickness of the soil layer (cm); and 10 serves as the conversion factor to yield
values in Mg ha 1.

2.5. Soil Enzymes

The activities of arylsulfatase and (-glucosidase were determined using a colorimetric
method based on p-nitrophenol (PNP) quantification following enzymatic hydrolysis of
specific substrates [46] and adapted in recent studies [47]. Air-dried soil samples were
sieved through 2 mm mesh and incubated with buffered substrate solutions at 37 °C for
1 h. B-glucosidase activity was measured using p-nitrophenyl-p-D-glucopyranoside as
substrate, while arylsulfatase activity was measured using p-nitrophenyl sulfate. After
incubation, reactions were terminated with 0.5 M CaCl, and 0.1 M NaOH, and PNP
absorbance was measured spectrophotometrically using a UV-1800 spectrophotometer
(Shimadzu, Kyoto, Japan) at 410 nm for arylsulfatase and 420 nm for (3-glucosidase. Enzyme
activities were expressed as mg PNP kg~ h~! dry soil. This method is widely employed to
assess microbial functional activity related to sulfur and C cycling in soil ecosystems under
various land use and management conditions [48].
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2.6. Statistical Analysis

Normality and homoscedasticity of the residuals were assessed using the Shapiro—
Wilk test. Upon confirming a normal distribution, the data were subjected to analysis
of variance (ANOVA), and mean comparisons were performed using Fisher’s LSD test
(p < 0.05) using XLSTAT software 2014.5.03.

3. Results
3.1. Daily Emissions of N,O, CO,, and CHy and Associated Environmental Variables

The results cover a six-month span, including both the dry season (August-September)
and the rainy season (October—January), with weekly frequency. During the assessment
period from 30 July 2024 to 22 January 2025, the mean air temperature was recorded at
22.58 °C, with total precipitation reaching 898.8 mm (Figure 3a), and an average relative
humidity of 65.17%.

During the evaluation period, daily average N>O emissions varied among treatments,
ranging from —0.13 ug m 2 h~! in BSC applied at 151 Mg ha! to 35.50 g m 2 h~! in the
KClI treatment (0.17 Mg ha~!). Intermediate values were observed for BAS, with emissions
of 1341 pgm 2 h ! at833Mgha~! and 33.47 ug m~2h~! at 40 Mg ha~!, while the control
treatment showed an average emission of 9.55 jig m~2 h~!. Typically, N,O emissions differ
noticeably between dry and rainy seasons. The greatest N,O emission recorded during the
study was 326.87 ug m~2 h~!, observed in November 2024 under the BAS at 40 Mg ha~!
treatment, which had an WEPS of 76.75%. The minimum N,O emission rate, recorded at
—162.61 ug m~2 h™!, occurred during the rainy season for BSC applied at 8.33 Mg ha™!,
with an WFPS < 50% (Figure 3a,b,e).

Following the initial rainfall events, a significant increase in CO, emissions was
observed, consistent with the pattern observed for N,O. On 21 January 2025, the BAS
8.33 Mg ha~! treatment exhibited the highest emission peak, achieving a value of
281.32m 2 h ! and an WFPS of 68% (Figure 3a,c,e).

The average daily methane (CH,) emissions for the respective treatments were as follows:
BAS at 8.33 Mg ha~!, 1245 ug m—2 h~!; BAS at 40 Mg ha~!, 4.65 ng m~2 h~!; BSC at
151 Mg ha~!, 3.27 ug m~2 h~!; KCl at 0.17 Mg ha~!, 13.41 ug m~2 h~!; and Control,
—1498 ug m~2 h~!. Methane (CH,) emissions varied between —58.18 ug m2h 1 and
123.45 pg m~2 h~! throughout the evaluation period. The lowest emission, 66.6 g m =2 h~!
(WFPS 19.84%), was recorded with KCl at 0.17 Mg ha~! during the dry period, while
the highest, 12345 ug m~2 h™!, occurred with BAS at 40 Mg ha~! during heavy
rainfall (Figure 3a,d,e).

The average nitrate (NO3 ~) content measured in the soil was 0.56 mg kg~! for both
the BAS at 8.33 Mg ha~! and BAS at 40 Mg ha~! treatments, 0.55 mg kg~ for BSC at
151 Mg ha~!, 0.54 mg kg ! for KC10.17 Mg ha!, and 0.53 mg kg ! in the Control group
(Table 2). The average concentrations of ammonium (NH;*) were 5.76, 6.30, 5.14, 5.12,
and 4.84 mg kg~ !, corresponding to the respective treatment order. During the evaluation
period, the mean soil temperatures were 23.07 °C for BAS at 8.33 Mg ha~1, 23.64 °C for
BAS at 40 Mg ha~!, 23.89 °C for BSC at 151 Mg ha !, 23.73 °C for KCl at 0.17 Mg ha~!, and
23.73 °C for the Control treatment.
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Figure 3. Total daily precipitation (mm), air temperature (°C) (a), soil N,O fluxes (b), CO; (c),
CHy4 (d), and daily water-filled porous space—WEFPS (e) were recorded during the cultivation of
Urochloa brizantha cv. BRS Paiaguds with soil remineralizers treatments in the Central Cerrado region.
The shaded area refers to the rainy season. BAS: basalt; BSC: biotite schist.
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Table 2. Nitrate (NO3 ™) content in soil at a depth of 0-10 cm for Urochloa brizantha cv. BRS Pa-
iaguds cultivation under remineralizers application in the Central Cerrado region. BAS: basalt;
BSC: biotite schist.

BAS833Mgha~1 BAS40Mgha=! BSC151Mgha-1 KC10.17 Mgha~1 Control
NO;~ mg kg1 Soil

13 August 2024 0.33 £0.04 aD 0.30 £ 0.07 aD 0.30 £ 0.060 aD 0.31 £0.09 aD 0.26 £ 0.08 aD
9 September 2024 0.44 + 0.03 aC 0.43 £ 0.03 aC 0.45 + 0.02 aC 0.47 £ 0.04 aC 0.47 £ 0.02 aC

14 October 2024 0.67 £+ 0.04 aB 0.68 £ 0.05 aA 0.69 + 0.06 aB 0.61 £+ 0.07 aB 0.62 +0.12 aB
21 November 2024 0.53 £0.03 aC 0.53 £ 0.04 aC 0.51 £0.07 aC 0.53 £0.02 aBC 0.49 £ 0.04 aC
11 December 2024 0.49 £ 0.02bC 0.52 4+ 0.01 abBC 0.53 +0.02 aC 0.54 + 0.02 aBC 0.53 £ 0.02 aC

17 January 2025 0.87 £0.05 aA 0.74 + 0.04 bA 0.81 £ 0.02 abA 0.77 £ 0.07 abA 0.81 £ 0.09 abA

Values are presented as mean =+ standard deviation. Different lowercase letters within rows and uppercase letters
within columns denote statistically significant differences among treatments, as determined by Fisher’s LSD
test (p < 0.05).

The highest nitrate levels were recorded in January 2025, with concentrations of 0.87,
0.74,0.81,0.77, and 0.81 mg kg’1 observed for the treatments BAS at 8.33 Mg ha—1, BAS
at 40 Mg ha~!, BSC at 151 Mg ha~!, KCI at 0.17 Mg ha~!, and the Control, respectively
(Table 2). Nitrate levels were significantly affected by the treatments only in December
and January (p < 0.05). In December, the BAS treatments did not show any differentiation
between them; BAS at 8.33 Mg ha~! demonstrated lower nitrate concentrations compared
to BSC, KCl, and the Control treatment. In January, BAS at 40 Mg ha~! resulted in lower
nitrate content than at 8.33 Mg ha~!, whereas no significant differences were observed
among the other treatments.

The highest ammonium concentrations were observed in October 2024, with mea-
sured values of 11.84, 12.98, 9.73, 10.29, and 7.68 mg kg’1 for the treatments of BAS at
8.33 Mg ha~!, BAS at 40 Mg ha~!, BSC at 151 Mg ha~!, KCl at 0.17 Mg ha™!, and the
Control, respectively (Table 3). In this period ammonium contents were higher than in the
other periods (p < 0.05), except for the Control, which remained unchanged. In October, the
Control treatment had less ammonium than the BAS at 40 Mg ha~! treatment.

Table 3. Soil ammonium (NHy*) concentrations at the 0-10 cm depth under the cultivation of Urochloa
brizantha cv. BRS Paiaguds with ASi application in the Central Cerrado region. BAS: basalt; BSC:
biotite schist.

BAS833Mgha-1 BAS40Mgha-1! BSC151Mgha-1 KC10.17 Mgha~1 Control
NH,4* mg kg1 Soil
13 August 2024 342 +1.73 aB 3.78 £1.98 aB 278 £0.32 aB 2.85+£0.75aB 3.33 £0.60 aA
9 September 2024 4.14 £ 0.95 aB 7.53 £5.41 aB 3.73 £0.18 aB 3.52 £0.78 aB 3.88 £1.12aA
14 October 2024 11.84 +5.77 abA 12.98 + 5.07 aA 9.73 4+ 3.94 abA 10.29 + 3.67 abA 7.68 £ 3.54 bA
21 November 2024 4.89 +£0.43 aB 5.13 £0.63 aB 5.01 £2.53 aAB 5.78 £1.62 aAB 5.10 £ 0.50 aA
11 December 2024 420+ 0.43 aB 3.44 +£0.59 aB 3.84 £1.24aB 411+ 0.89 aB 3.67 £0.79 aA
17 January 2025 6.06 + 1.38 aB 491 £0.83 aB 5.76 £ 1.14 aAB 413 £ 0.79 aB 5.36 £ 0.66 aA

Values are presented as mean =+ standard deviation. Distinct lowercase letters within rows and uppercase letters
within columns denote statistically significant differences among treatments, as determined by Fisher’s LSD
test (p < 0.05).

3.2. Cumulative Emissions of N,O, CO;, and CHy and Their Global Warming Potential (GWP) in
Urochloa brizantha cv. BRS Paiaguds

Cumulative CO, emissions varied significantly (p < 0.05) among treatments, ranging
from 2915.41 to 4338.41 kg ha 1. The greatest total emissions were observed in the treatment
with BAS at 8.33 Mg ha~!, which showed approximately 49% higher CO, emissions than
the treatments with higher BAS doses at 40 Mg ha~! and BSC at 151 Mg ha~'.
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Cumulative N,O emissions were also affected by fertilizer application (p < 0.05),
ranging from 0.34 kg ha~! with BSC at 151 Mg ha~! to 1.16 kg ha~! with KCI. Overall,
two distinct groups emerged: KCl and BAS at 40 Mg ha~! resulted in higher N,O emissions
compared to the group comprising BAS at 8.33 Mg ha~!, BSC at 151 Mg ha™!, and the
Control treatment. Notably, KCl, a soluble potassium source, resulted in about 241% higher
N,O emissions than BSC at 151 Mg ha~!. Conversely, when BSC was applied at a high
dose (151 Mg ha™!), a reduction in N,O emissions was observed, likely due to the gradual
release of nutrients and reduced stimulation of nitrifying microbial activity.

Cumulative CH4 emissions ranged from —0.76 to 0.65 kg ha~!. The BAS treatments
showed intermediate values (0.27 and 0.47 kg ha~! at 8.33 Mg ha~! and 40 Mg ha~!,
respectively), whereas only KCI (0.65 kg ha—!) produced higher CH4 emissions than the
control (Table 4). In relative terms, CH4 emissions under KCI were about 141% higher than
those observed for BAS at 8.33 Mg ha!, reinforcing the influence of the potassium source
on greenhouse gas dynamics.

Table 4. Cumulative emissions of N,O, CO,, and CHy along with their respective standard deviations
for Urochloa brizantha cv. BRS Paiaguds cultivated with remineralizers in the Central Cerrado region.

Cumulative Emissions

Treatment N,O CcO, CH,
kgha—1
Basalt 8.33 Mg ha~! 0.61 £ 0.08 b 433841 + 26792 a 0.27 + 0.09 ab
Basalt 40 Mg ha~! 116 £0.34a 3041.18 +425.03 b 047 £0.33 a
Biotite schist 151 Mg ha~1 0.34 £0.28b 2915.41 +532.02b —0.28 £ 0.10 bc
KC10.17 Mg ha~! 149 £0.12a 3779.64 4+ 824.47 ab 0.65+ 0.51a
Control 0.59 £0.33b 3272.01 + 810.16 ab —0.76 £ 0.32 ¢

Values are presented as mean =+ standard deviation. Distinct letters denote statistically significant differences as
determined by Fisher’s LSD test (p < 0.05).

The global warming potential (GWP) associated with the cultivation of Urochloa
brizantha cv. BRS Paiaguds was affected by the remineralizer application (p < 0.05; Table 5).
Treatments using KCl and BAS at 40 Mg ha~! exhibited the highest GWP values, reaching
415.35 and 321.18 kg CO; eq. ha ™!, respectively. In contrast, treatments with BAS at
8.33 Mg ha~1, the Control, and BSC at 151 Mg ha~1 showed lower values, corresponding
to 138.64, 135.99, and 81.67 kg CO; eq. ha~1, respectively.

Table 5. Global Warming Potential (GWP) values for Urochloa brizantha cv. BRS Paiaguds following
the application of remineralizers in the Central Cerrado region.

Treatment GWP (kg CO; eq. ha=1)
Basalt 8.33 Mg ha™! 168.64 + 21.98 b
Basalt 40 Mg ha~! 321.18 £ 97.55a
Biotite schist 151 Mg ha~! 81.67 £74.21Db
KC10.17 Mg ha™! 41535+ 28.95a
Control 135.99 £ 82.50b

Values are presented as mean =+ standard deviation. Distinct letters denote statistically significant differences as
determined by Fisher’s LSD test (p < 0.05).

When comparing the extremes, the GWP under KC1 0.17 at Mg ha~! was approx-
imately 408% higher than that observed with BSC at 151 Mg ha~!, which recorded the
lowest value. Similarly, BAS at 40 Mg ha~! resulted in about 294% higher GWP compared
to BSC at 151 Mg ha—!.
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3.3. Total Carbon in the Soil

At a depth of up to 60 cm, total soil C content demonstrated no statistically significant
differences (p < 0.05) among the treatments (Table 6). It was observed that the highest
total C content was observed at soil depths of 0-10 cm and 10-20 cm, with concentrations
ranging from 24.51 to 33.89 ¢ C kg~!. In contrast, the lowest concentrations were found at
depths of 40-60 cm, ranging from 15.36 to 15.97 g C kg~ 1.

Table 6. Total soil carbon content (g kg™!) associated with the cultivation of Urochloa brizantha
cv. BRS Paiaguds under remineralizers treatments in the Central Cerrado region. BAS: basalt;
BSC: biotite schist.

Total Carbon (g kg1 Soil)

Depth (cm) BAS BAS BSC Kcl Control
833Mgha=1 40Mgha=1 151Mgha-1 0.17Mgha1
0-10 32.89 £3.44 29.26 + 1.64 33.88 £1.31 30.52 £ 0.66 31.31 £2.12
10-20 2798 £1.13 24.51 £1.47 25.89 £ 1.08 25.60 £ 2.97 26.04 = 0.96
20-30 21.35+2.73 20.45 £1.88 19.71 £ 1.07 21.19 £2.00 20.85 £ 0.74
30-40 19.07 £ 0.12 1791 £ 0.46 18.15 £ 0.66 18.28 + 1.64 19.36 £1.76
40-60 1572 +£1.31 15.36 £ 1.81 1547 £ 1.26 15.78 £ 0.54 1597 £ 0.17

Values are presented as mean =+ standard deviation.

3.4. Carbon and Nitrogen Stocks

Applying BAS at 8.33 Mg ha~! increased soil C stocks (p < 0.05) in the 0-60 cm layer
compared to BAS at 40 Mg ha~!, while no significant differences were observed for the
other treatments (Figure 4). Furthermore, BAS at 8.33 Mg ha~! resulted in approximately
9.6% higher soil C stocks than BAS at 40 Mg ha~!, which had the lowest value among the
silicate rock treatments. No additional gains in soil C sequestration were observed with
higher BAS doses, and there were no significant differences among the other treatments.
The mean C stock values were 158.21, 144.35, 152.65, 153.36, and 156.80 Mg ha~! for BAS
at 8.33 Mg ha~!, BAS at 40 Mg ha~!, BSC at 151 Mg ha~!, KCl at 0.17 Mg ha~!, and the
Control, respectively (Figure 4).
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Figure 4. Soil carbon stock for Urochloa brizantha cv. BRS Paiaguds under different remineralizer
treatments in the Central Cerrado. Bars depict mean values, with error bars representing standard
deviations. BAS: basalt; BSC: biotite schist. Distinct letters denote statistically significant differences
as determined by Fisher’s LSD test (p < 0.05).
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Applying BAS at 8.33 Mg ha~! resulted in approximately 9.6% higher soil C stocks
compared to the BAS at 40 Mg ha~! treatment, which exhibited the lowest value among
the remineralizer treatments. No significant differences were observed among the other
treatments, indicating that higher BAS doses did not further enhance soil C sequestration.

Soil N stocks in the 0-60 cm layer were affected by treatments (p < 0.05; Figure 5). The
highest N stock was observed in the BAS at 8.33 Mg ha~! treatment, with 13.45 Mg N ha™!,
representing approximately 12% more N than BAS at 40 Mg ha~! and about 40% more N
than KCl at 0.17 Mg ha~!, which showed the lowest value among the comparable treat-
ments. The BSC at 151 Mg ha~!, KCl at 0.17 Mg ha~?, and Control treatments yielded
similar values (10.31, 9.62, and 10.40 Mg N ha~!, respectively), with no statistically signifi-
cant differences among them.

Nitrogen stock (Mg ha‘l)

A A A \
> > ? S
o AN e o

Q%C A Q\Q

Figure 5. Soil nitrogen stock during the cultivation of Urochloa brizantha cv. BRS Paiaguds under
remineralizer treatments in the central Cerrado region. Bars depict the mean values, with error
bars representing the standard deviation. BAS: basalt; BSC: biotite schist. Distinct letters denote
statistically significant differences as determined by Fisher’s LSD test (p < 0.05).

3.5. Soil Enzymatic Activity

Soil enzymatic activity was assessed by measuring the release of p-nitrophenol result-
ing from the actions of arylsulfatase and (3-glucosidase following application of various
mineral treatments. The results showed no statistically significant differences among the
treatments (p > 0.05). Arylsulfatase activity ranged from 64.33 pg p-nitrophenol g~! soil in
the KCl treatment (0.17 Mg ha™!) to 83.00 pg p-nitrophenol g~! soil in the BSC treatment
(151 Mg ha~!). The control and BAS treatments (8.3 and 40 Mg ha~!) exhibited intermediate
values of 70.67 and 67.00 ug p-nitrophenol g ! soil, respectively. For B-glucosidase, activity
levels ranged from 57.33 to 80.33 ug p-nitrophenol g~! soil under the KC1 0.17 Mg ha~!
and Control treatments, respectively. In contrast, for the remineralizer treatments BAS at
8.33 Mg ha~!, BAS at 40 Mg ha~!, and BSC at 151 Mg ha~!, the respective values were
77.67, 66.67, and 67.67 ug p-nitrophenol g ! soil (Figure 6).
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Figure 6. Enzymatic activities of arylsulfatase and B-glucosidase (j1g p-nitrophenol g~ soil) measured
in soils subjected to various treatments. Bars depict the mean values, with error bars representing
the standard deviation. Statistical analysis revealed no significant differences among treatments
(p > 0.05). BAS: basalt; BSC: biotite schist.

The findings indicate that, within the experimental conditions assessed, mineral
treatments did not result in observable changes in soil enzymatic activity.

4. Discussion

4.1. From Mineral Weathering to Nutrient Release Dynamics: Impacts on Carbon and Nitrogen
Stocks and Soil Enzymatic Activity

The effects of remineralizer application on soil carbon and nitrogen accumulation
and stabilization are closely linked to the mineralogy of the agrominerals used and their
weathering rates and nutrient release patterns. Silicate minerals, such as those found in
basalt and biotite schist, release nutrients gradually through chemical dissolution and
mineral alteration, in contrast to conventional soluble sources such as KCI [19,29]. Basalt,
predominantly composed of highly reactive mafic silicates, tends to supply base cations
such as Ca?*, Mg?*, and K* at relatively higher rates, whereas biotite schist consists
of lamellar minerals rich in structural potassium and iron, whose dissolution is slower
and strongly controlled by soil physicochemical properties and mineral-microorganism
interactions [29,49,50]. This progressive nutrient release may promote more stable soil
conditions over time, thereby contributing to the retention and accumulation of soil carbon
and nitrogen, particularly when compared with the use of highly soluble fertilizers.

Over a nine-year period of experimentation (September 2015 to October 2024), the
findings showed that none of the remineralizer treatments led to statistically significant in-
creases in C stocks compared with the control. However, a clear dose-dependent effect was
noted, with a lower dose of BAS resulting in a greater soil carbon stock than a higher dose.
In this study, the lack of difference between remineralizer treatments and the no-K control
highlights the challenge of increasing soil C stocks in Cerrado tropical soils. Constraints
include limited management practices that add organic matter, such as cover cropping,
organic amendments, or systems that increase root biomass deposition, and the Cerrado’s
climatic regime, which can restrict organic C accumulation rates due to alternating dry and
rainy seasons. Moreover, the slow nutrient release from the remineralizer, while beneficial
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for long-term sustainability, may have been insufficient over the study period to overcome
these limiting factors; thus, effects on C stocks may appear only over longer timescales or
may require complementary management to maximize organic matter accrual.

The results also underscore the difficulty of demonstrating atmospheric CO, seques-
tration via reactions with silicate rocks under field conditions; targeted studies isolating this
process across different plant species and soil types in the Cerrado are needed. In contrast,
the highest soil N stocks in this study were observed following basalt application. Basalts
are among the more rapidly weathering silicate rocks [50]; their nutrient release may have
improved N use efficiency, reduced losses [26] and thereby increased soil N pools. The no-
table impact on nitrogen levels shows that, given the experiment conditions and timeframe,
applying basalt as a remineralizer effectively boosted soil nitrogen accumulation.

Furthermore, by enhancing N retention within the soil’s solid phase, the availability of
inorganic nitrogen species in the soil solution is reduced. With less free nitrogen available
for microbial nitrification and denitrification, NoO emissions are naturally suppressed.
Consequently, basalt application modulates nitrogen partitioning, favoring organic storage
over gaseous losses.

Soil enzymes are sensitive indicators of ecosystem quality and functionality, as they
are directly involved in the mineralization of organic matter [51] and in the cycling of
essential elements such as carbon, nitrogen, sulfur, and phosphorus [52]. Despite the
importance of these enzymes, this study did not show significant differences in enzymatic
activity in soils treated with silicate agrominerals. However, this apparent stability should
not be interpreted as a lack of effect, but rather as a reflection of the treatments and the
soil’s resilience. Unlike soluble fertilizers, which cause acute responses, remineralizers
are slow-release materials that promote gradual changes in soil chemistry. Enzymatic
responses reflect complex signals that are modulated by environmental conditions and soil
physicochemical properties. Because these activities capture only partial functional shifts
within the system, enzymatic metrics must be interpreted in conjunction with broader
biogeochemical and environmental indicators.

Mechanistically, this suggests that rock weathering in the dystrophic Red—Yellow
Latosol is occurring at a rate that the biological system can process without causing im-
balances. Because enzymatic activity serves as an early sensor of change, its stability after
nearly a decade validates the system’s resilience and indicates that carbon sequestration,
although slow under the Cerrado climatic regime (marked by alternating dry and wet
seasons), is occurring in a protected manner, without accelerating the decomposition of
existing soil organic matter.

The stability of carbon stocks observed over the nine-year period may reflect a balance
between cutting dynamics, which drive root-derived carbon inputs, and mineral protection
mechanisms. Although nine years is a substantial duration for agricultural field trials, this
timeframe constitutes a relatively short window for the complete weathering of silicates
and the subsequent formation of stable organo-mineral complexes in highly weathered
tropical soils.

4.2. Environmental Variables and Impact of Remineralizers on Greenhouse Gas Emissions and
Global Warming Potential

The temporal dynamics of GHG emissions in this study were primarily governed by
the seasonal rainfall pattern of the Cerrado (Aw climate), which directly modulated the
Water-Filled Pore Space (WFPS). From October, the onset of rains, coinciding with rising soil
temperatures, rewets the soil, stimulating the edaphic microbiota and thereby increasing
GHG emissions to the atmosphere. The rainy season also amplifies treatment-specific
responses to soil rewetting. Elevated ammonium concentrations observed in October
further support increased mineralization triggered by the start of the rainy period. For
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nitrate, beyond climatic influences, the higher levels recorded in January 2025 indicate a
temporal pattern of nitrate accumulation.

The findings of this study suggest that silicate ASi has significant potential to reduce
greenhouse gas emissions in Urochloa brizantha pastures in the Cerrado region. According to
our findings, BSC is a promising alternative because it significantly reduces NoO emissions
and lowers the agricultural system’s global warming potential (GWP). Scientific evidence
indicates that applying BAS amendments is a promising approach for mitigating N,O
emissions in agricultural systems. These results indicate that using Biotite at higher appli-
cation rates substantially reduces environmental impact relative to conventional fertilizers
such as KCI and high-dose BAS, highlighting its potential as a sustainable alternative for
mitigating global warming. Ref. [26] conducted field research involving basalt application
and reported a notable decrease in cumulative NoO emissions ranging from 29% to 32%,
when basalt was incorporated into the soil during corn cultivation. These findings align
with earlier research, including [27], who reported that applying basalt resulted in a 16%
reduction in N,O emissions from corn and a 9% reduction from Miscanthus. These ef-
fects were primarily attributed to increased soil pH and enhanced phosphorus availability.
Furthermore, ref. [53] found that adding basaltic silicate rock dust to cattle manure not
only markedly lowered NHj3 emissions but also led to a two- to threefold improvement in
apparent N recovery compared with untreated manure.

Because pH did not differ among treatments, the N, O mitigation observed with biotite
addition is likely related to redox mechanisms and mineral surface interactions. Biotite
alteration or dissolution releases structural Fe (II), which can supply electrons for mineral-
driven autotrophic denitrification (i.e., oxidation of biotite-associated Fe (II) coupled to
reduction of NO3~ /NO, ™). Fe(Il) also participates in abiotic chemodenitrification with
NO;~, whose outcome (increase or decrease of N,O) depends strongly on Fe speciation,
mineral surface properties and environmental conditions; thus, the net effect on N,O
production versus complete reduction to N, may vary between systems [49,54]. Although
pH remained stable in this study, recent work shows that physicochemical soil properties,
such as the ionic matrix and texture, shape denitrifier communities and the N,O/(N>O+N3)
ratio [55]. The hypothesis that phyllosilicate surface chemistry and biotite-induced charge
generation enhance this microbial pathway is plausible but requires direct experimental
evidence. Opverall, the results suggest that remineralizers, particularly basalt-derived
materials, can contribute to carbon removal from the atmosphere while promoting CO,
capture and reducing GHG emissions in intensive agricultural systems.

Studies conducted in crystalline aquifers demonstrate that biotite dissolution can
provide electrons for autotrophic denitrification, eliminating the need for organic matter
by using the released iron as an electron donor for the reduction of nitrate to Nj. [54].
This mechanism is especially relevant in tropical soils low in organic C, such as the
Ferralsols of the Brazilian Cerrado, where limited organic matter can limit traditional
denitrification processes.

The positive GWP values indicated that the system with Urochloa brizantha cv. BRS
Paiaguds acted as a source of greenhouse gases (Table 5). In contrast, CH, functioned
as a sink in the biotite schist and control treatments, whereas the remaining treatments
exhibited low cumulative emissions. Thus, the contribution from N,O emissions to GWP
was greater, since CHy acted as a sink with negative or low values, which reduced GWP.

The higher cumulative N, O emissions and the consequent increase in Global Warming
Potential (GWP) in the KCl and high-basalt dose (BAS 40) treatments suggest a common
nitrogen-loss pathway. In the case of KCl, the rapid supply of soluble potassium can alter
the ionic strength of the soil solution, stimulating the mineralization of native N. For BAS
40, the massive addition of rock powder can significantly alter pH (which was not the
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case in this study) and cation supply, which, although improving fertility, can accelerate
nitrogen turnover during periods of high WEPS. These results highlight that reminer-
alizer doses should be optimized to avoid negative trade-offs between soil health and
climate mitigation.

In addition, the application of remineralizers, such as biotite schist and basalt, can
improve soil structure and fertility by raising pH and increasing nutrient availability, which
favors both plant development and the microbial activity responsible for mitigating GHG
emissions [29,30]. These effects, as discussed in recent studies, reinforce the potential of
remineralizers to contribute not only to sustainable soil management but also to strategies
for reducing the climate impact in intensive agriculture systems.

The geochemical contrast between BAS and BSC reinforces that the use of silicate
remineralizers is not a single strategy, but a targeted intervention for sustainable inten-
sification. Our findings reveal that, while BAS strengthens soil nitrogen reservoirs, its
application requires careful calibration to avoid emission peaks observed at high doses,
reflecting the environmental costs of conventional KCl fertilization. On the other hand,
BSC offers an efficient pathway for atmospheric mitigation, balancing N, O suppression
with the preservation of methane oxidation. This dual action, nutrient enrichment and
greenhouse gas attenuation, coupled with the observed stability of soil enzymes, positions
rock powder as a pillar for mineral-mediated carbon and nitrogen management. Ultimately,
these results provide a roadmap for transitioning Cerrado pastures from potential carbon
sources to resilient sinks, aligning agricultural productivity with low-carbon agriculture.

5. Conclusions

This study demonstrates that remineralizers derived from basalt (BAS) and biotite
schist (BSC) exert distinct effects on soil nitrogen dynamics and GHG emissions. BAS
(particularly at 8.33 Mg ha~!) enhances soil nitrogen stocks and availability, though its cli-
mate mitigation potential is dose-dependent, as higher rates (BAS) may increase the Global
Warming Potential (GWP). In contrast, BSC stands out as a superior strategy for climate-
smart agriculture, significantly reducing N,O emissions and GWP while maintaining the
soil’s capacity as a CHy sink. These findings suggest that the selection of remineralizers
should be goal-oriented: BAS for enhancing fertility and nitrogen accumulation, and BSC
for targeted GHG mitigation. While carbon sequestration may require longer timescales,
the stability of soil enzymatic activity confirms the environmental safety of these minerals.
Overall, silicate remineralizers offer a scalable and sustainable alternative to conventional
fertilizers, supporting the transition to low-carbon systems in the Brazilian Cerrado.
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N>,O Nitrous Oxide

CHy Methane

GWP  Global warming potential
GHG  Greenhouse gas

BD Soil bulk density

OM Organic matter

NH;* Ammonium

NO3~ Nitrate
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