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GRAPHICAL ABSTRACT

LIMESTONE MINING

ACIDIC TROPICAL SOIL COPRODUCTS CORRECTED SOIL & PLANT
(Arenosol) (e.g., Rhythmite)
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ABSTRACT

This study evaluated the effects of contrasting limestone coproducts used as Ca-Mg-S sources, combined with
different potassium (K) fertilizer sources, on soil chemical attributes, micronutrient dynamics, and plant per-
formance in a sugarcane system. A split-plot field experiment was conducted during plant cane and ratoon cycles,
with soil sampling at two depths (0-20 and 20-40 cm) to determine pH and extractable Cu, Fe, Mn, and Zn, as
well as leaf micronutrient accumulation and stalk yield. Limestone coproducts significantly increased soil pH
relative to the control, with maximum increases of up to 30%, particularly under rhythmite-based and combined
limestone-rhythmite treatments. These amendments reduced extractable Mn concentrations by up to 60% in the
surface layer. Linear mixed-effects models showed significant main effects of crop cycle and soil depth on Fe and
Zn contents (p < 0.01), while cycle x depth interactions were not significant. Potassium source selection had no
consistent effect on soil chemical attributes. Leaf micronutrient accumulation and stalk yield were not affected by
limestone coproducts or K sources, with stalk yield ranging from approximately 88 to 128 Mg ha™! across crop
cycles. Multivariate analyses revealed strong separation among treatments based on soil chemical attributes,
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driven mainly by soil pH and Fe-Mn availability, whereas plant variables showed limited differentiation. Overall,
limestone mining coproducts acted as effective multinutrient amendments, improving soil chemical conditions
without inducing short-term changes in plant nutritional status or yield, supporting their use as sustainable tools
for long-term soil fertility management in sugarcane systems.

1. Introduction

Soil fertility is a central determinant of agricultural productivity and
sustainability, reflecting the soil's capacity to supply essential nutrients
in adequate amounts and in an appropriate balance over time while
maintaining chemical conditions conducive to root development and
nutrient uptake. In tropical agroecosystems, this balance is particularly
fragile due to the dominance of highly weathered soils, intense rainfall,
and strong leaching processes, which collectively promote soil acidifi-
cation and depletion of exchangeable base cations (Dong et al., 2022;
Rodrigues et al., 2021b). In warm and humid climates, soils in tropical
and subtropical regions naturally undergo acidification due to intense
weathering and leaching processes, with base cations (Ca%t, Mg?*, K™,
Na™) being leached from the soil exchange complex when excess rainfall
containing soil organic acids and dissolved CO, passes down the soil
profile (Liu et al., 2025). Consequently, effective soil amendment stra-
tegies are indispensable to sustain crop performance, especially in
high-demand systems such as sugarcane cultivation (Ofoe et al., 2023).

Sugarcane production in tropical regions, notably in Brazil, is largely
concentrated on acidic soils rich in iron and aluminum oxides but
deficient in calcium (Ca®*), magnesium (Mg2+), and, in many cases,
sulfur (S) (Borges et al., 2020). Land in Brazil is dominated by intensely
weathered soils characterized by high acidity, low macronutrients, and
high metal and aluminum (Al) bioavailability, which often represents a
stress condition for crop plants (Labanca et al., 2020). Soil acidity
correction through liming has therefore become a foundational practice
in sugarcane management, with well-documented benefits for soil
chemical quality, root system development, and crop longevity across
successive ratoon cycles (Thorburn et al., 2011).

Traditionally, soil acidity correction relies on conventional limestone
materials produced specifically for agricultural use. However, growing
attention has been directed toward coproducts generated by mining and
mineral processing activities, particularly limestone coproducts, as
alternative soil amendments. These materials, often derived from quar-
rying, crushing, and beneficiation processes, are frequently underutilized
or disposed of despite their substantial chemical and mineralogical po-
tential (Russell et al., 2024; Salgado et al., 2024). From an agronomic
perspective, limestone mining coproducts may represent valuable re-
sources for sustainable soil management, offering a dual benefit of
improving soil fertility while promoting the circular use of mineral re-
sources (de Carvalho Ribeiro et al., 2025; Rodrigues et al., 2021c, 2023).

Recent comprehensive reviews demonstrate that soil remineraliza-
tion using rock powders derived from mining and industrial by-products
has gained attention as a sustainable strategy to restore degraded soils,
improve fertility, and reduce reliance on synthetic fertilizers (Burbano
et al., 2022; de Carvalho Ribeiro et al., 2025; Rodrigues et al., 2024b).
These materials, rich in nutrients and beneficial minerals, also offer
potential for carbon sequestration and contribute to circular economy
practices by repurposing byproducts into agricultural inputs (Luthra
et al., 2022; Skov et al., 2024).

Unlike conventional agricultural lime, limestone coproducts can
exhibit distinct mineralogical compositions, particle size distributions,
and degrees of reactivity, depending on their geological origin and
processing history (du Toit et al., 2024; Manning, 2018; Manning and
Theodoro, 2020). These characteristics influence not only their capacity
to neutralize soil acidity but also their ability to supply a broader range
of nutrients. In addition to Ca and Mg, many mining coproducts contain
trace amounts of micronutrients such as iron (Fe), manganese (Mn), zinc
(Zn), and copper (Cu), which may become agronomically relevant under

certain soil conditions (Barreto et al., 2024; de Carvalho Ribeiro et al.,
2025; Richardson, 2024). Consequently, these materials should not be
viewed solely as acidity correctives, but rather as multinutrient
amendments capable of modulating soil chemical equilibria and
micronutrient dynamics (van Straaten, 2007).

The agronomic relevance of such coproducts is particularly pro-
nounced in tropical systems, where micronutrient availability is strongly
regulated by soil pH and redox conditions (Goulding, 2016; Holland et al.,
2018). In acidic soils, elements such as Mn and Fe may reach excessive
concentrations, posing toxicity risks, whereas Zn and Cu deficiencies can
occur due to strong adsorption onto oxide surfaces (Silva et al., 2024).
Below pH 5.2, manganese concentrations can reach phytotoxic levels,
particularly in highly weathered Ultisols and Oxisols typical of tropical
regions (Huang et al., 2016). Amendments that alter soil pH and base
saturation inevitably influence the solubility, speciation, and plant
availability of these micronutrients. Limestone coproducts, through their
liming effect and mineralogical composition, therefore have the potential
to reshape micronutrient dynamics beyond the immediate supply of base
cations (Barreto et al., 2024; Rodrigues et al., 2024b).

Despite their potential, the agronomic performance of limestone
mining coproducts remains insufficiently documented under field con-
ditions, especially with respect to their influence on micronutrient dy-
namics and plant nutritional status. Most studies focus on conventional
liming materials, while fewer investigations explicitly address co-
products with heterogeneous mineralogy and reactivity in the field (Li
et al., 2019). Moreover, the interaction between such materials and
fertilizer sources, including potassium inputs applied in split-plot ar-
rangements, is rarely explored in long-term or multi-cycle experiments.

We hypothesized that (i) limestone coproducts with contrasting
mineralogical characteristics would differentially affect soil pH and
micronutrient availability across soil depths (addressed in Section 3.2);
(ii) interactions between Ca-Mg-S coproducts and potassium sources
would influence soil chemical balance without necessarily altering yield
responses (addressed in Sections 3.2 and 3.3); and (iii) residual effects of
these mining-derived amendments would persist into the ratoon cycle,
contributing to sustained improvements in soil chemical conditions
while maintaining plant nutritional stability (addressed in Sections 3.2,
3.3, and 3.4). By addressing these hypotheses, this study aims to advance
the understanding of mining coproducts as viable tools for sustainable
soil fertility management in tropical sugarcane systems.

2. Materials and methods
2.1. Coproducts characterization

The input materials were collected from a 15 m-thick stratigraphic
profile overlying a limestone deposit located in the municipality of Tiete,
Sao Paulo State, Brazil (22°55'5.52" S; 47°46'1.68" W; WGS84) (Fig. 1).
Based on petrographic classification, the limestone mining coproducts are
identified as limestone and rhythmite, both belonging to the Irati For-
mation, and clayey siltstone, derived from the Corumbatai Formation.

The total micronutrient contents of the input materials (Table 1)
were determined by inductively coupled plasma optical emission spec-
trometry (ICP-OES) at Acme Analytical Laboratories Ltd. (Acmelabs),
Vancouver, Canada, using the LF200 analytical protocol based on
lithium borate fusion. The presence of potentially toxic heavy metals in
rhythmite and clayey siltstone was evaluated by inductively coupled
plasma-atomic emission spectrometry (ICP-AES), following the Envi-
ronmental Protection Agency procedures described by Martin et al.
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(1992). All measured concentrations complied with the limits estab-
lished by current Brazilian environmental legislation (Brasil, 2016).

The particle size distribution of the input materials was classified as
powder, with 100% of particles < 2.00 mm, 70% < 0.84 mm, and
50% < 0.30 mm, resulting in a theoretical reactivity of 68%. The
mineralogical composition of the coproducts was determined by X-ray
diffraction (XRD). Samples were finely ground in a porcelain mortar to
particle sizes <0.074 mm, mounted on aluminum sample holders, and
analyzed using an X-ray diffractometer (Shimadzu XRD-6000) equipped
with CuKa radiation. Diffraction patterns were collected in step-
scanning mode over a 20 range of 5-70°, with a step size of 0.02°,
under Bragg-Brentano geometry (Testoni et al., 2022). Following the
reading, the interpretation of the collected data was performed by
comparison with reference standards from the International Center for
Diffraction Data (Smith and Jenkins, 1996) using X'Pert HighScore Plus
2.0.1 software (PANalytical, 2002).

2.2. Chemical characterization of the soil

Prior to the establishment of the experiment, soil samples were
collected from the 0-20 cm layer of an Arenosol (WRB., 2015) located at
22°58'36.83" S and 52°2825.34" W for the characterization of clay
content and baseline chemical attributes of the experimental area. The
soil samples were oven-dried at 50 °C under forced air circulation until
constant mass, then gently ground and passed through a 2 mm sieve. Soil
chemical analyses included the determination of exchangeable Ca®" and
Mg2+ extracted with 1 mol L™ KCl, sulfate-S (S—SO?{) extracted with
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calcium phosphate, soil pH measured in CaCl, solution, and organic
carbon determined by the wet oxidation method, following the meth-
odologies proposed by Teixeira et al. (2017), whereas for P and K*
(resin) were determined according to Moniz et al. (2009). Potential
acidity was evaluated in an indirect way by the change in pH of the
sample in relation to the SMP buffer (Shoemaker et al., 1961). After
determination of the elements, we calculated the sum of bases (SB =
Ca?*+ Mg?"+ K") and the potential capacity of cation exchange (CEG,
= SB + H'+ AI*"). Initial characterization of clay content and the
chemical attributes of the soil is shown in Table 2.

Arenosols are characterized by coarse texture, low clay content
(140 g kg ! in this study), reduced cation exchange capacity, and
limited pH buffering capacity, which render them particularly suscep-
tible to acidification but also more responsive to liming amendments
due to lower acid load and reduced sorption competition for base cat-
ions. The initial base saturation of 40% indicates moderate chemical
fertility, placing the soil at the lower boundary of the adequate range for
sugarcane production (Pauletti and Motta, 2017).

2.3. Design and experimental procedure

The study was conducted in an area of approximately 2000 m? at the
experimental station of RIDESA (Interuniversity Network for the
Development of the Sugar and Alcohol Sector) in Paranavai, Parana
State, Brazil (Fig. 2). The area had been previously cultivated with
Brachiaria ruziziensis. According to the Koppen climate classification, the
region has a humid subtropical climate (Cfa), characterized by an
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Fig. 1. Map of Brazil (a), state of Sao Paulo (b), stratigraphic profile for the collection of coproducts (c¢) and outcrop of the Corumbatai (CF) and Irati (IF) Formations.
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average temperature of approximately 18 °C in the coldest month and
22 °C in the warmest month. The climate exhibits no distinct dry season,
although rainfall is predominantly concentrated during the summer
months (de Oliveira and Borrozzino, 2018). The soil class that prevails in
the area is Arenosol (derived from the Caiua Sandstone Formation).

The treatments were arranged in a split-plot arrangement in a ran-
domized complete block design, with four replicates. Main plots (primary
factor) consisted of five sugarcane rows, each 6.0 m long, spaced 1.50 m
apart, with 2.0 m between adjacent plots, where Ca-Mg-S sources were
applied. Subplots (secondary factor) were composed of five rows, each
3.0 m long, spaced 1.50 m apart, with 0.5 m between subplots, and
received different K20 sources. Treatments were defined according to the
combination of Ca-Mg-S and K sources as follows: T1, control +
phonolite; T2, control + clayey siltstone; T3, limestone + phonolite; T4,
limestone + clayey siltstone; T5, rhythmite + phonolite; T6, rhythmite +
clayey siltstone; T7, limestone + rhythmite + phonolite; T8, limestone +
rhythmite + clayey siltstone; T9, limestone + gypsum + phonolite; T10,
limestone + gypsum + clayey siltstone; T11, limestone + fidagran
+ phonolite; and T12, limestone + fidagran + clayey siltstone.

Input application rates followed the recommendations of the Fertil-
ization and Liming Manual of the State of Parana (Pauletti and Motta,
2017). Limestone, considered primarily a source of Ca and Mg, was
applied to increase the sum of exchangeable Ca?* and Mg?* to 3 cmol,
dm 3. Gypsum, fidagran, and rhythmite, considered mainly sources of S,
were applied at rates equivalent to a recommendation of 700 kg ha™! of
gypsum. Phonolite and clayey siltstone, used as KpO sources, were
applied at rates equivalent to 140 kg ha—! of KoO (Table 3).

Limestone was applied uniformly over the entire experimental area.
The remaining inputs were applied in furrows at a depth of 0-20 cm,
with rows spaced 1.5 m apart. For all treatments, triple superphosphate
was applied at a rate of 200 kg ha™! of P,05 and urea at 70 kg ha ' of N
within the furrows, which were subsequently covered.

Immediately after input application, sugarcane (Saccharum officina-
rum L., cultivar RB867515) was planted using a pre-sprouted seedling
system at a density of two plants per linear meter. Seven months after
planting, all leaves from 15 plants per plot were collected, and 15 fully
expanded +3 leaves were selected for the determination of Cu, Fe, Mn,
and Zn concentrations, following the methodology described in Section
2.4. Leaf sampling at seven months after planting coincided with the
grand growth phase of the plant cane cycle, a period of rapid vegetative
expansion and high nutrient demand, which is considered the most
representative stage for nutritional diagnosis in sugarcane (Silva, 2009).
Fourteen months after input application, sugarcane was harvested, and
soil samples were collected from the planting row at depths of 0-20 and
20-40 cm. Three subsamples per plot were collected and composited for
the determination of soil pH (CaCly) and extractable Cu, Fe, Mn, and Zn
using DTPA extraction (Moniz et al., 2009).

2.4. Sugarcane tissue analysis

The leaf samples collected at seven months of cultivation were oven-
dried at 65 °C under forced air circulation until constant mass. Leaf dry
matter yield per hectare was then estimated, and the macronutrient
contents of the +3 leaves were determined following the methodology
described by Silva (2009). For micronutrient analysis, plant tissue
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samples were subjected to nitroperchloric digestion, and the concentra-
tions of Cu, Fe, Mn, and Zn were quantified using inductively coupled
plasma atomic emission spectrometry (ICP-AES). Micronutrient accu-
mulation was calculated as the product of leaf dry matter yield per
hectare and the corresponding nutrient concentration, with results
expressed in kg ha .

2.5. Statistical analysis

Data were initially evaluated for normality and homoscedasticity
using the Shapiro-Wilk and Levene tests, respectively. When necessary,
data were log-transformed to meet the assumptions of parametric ana-
lyses. Data were analyzed using a split-plot analysis of variance (ANOVA)
within a randomized complete block design. Ca-Mg-S sources were
assigned to main plots, whereas K sources were allocated to subplots, with
four replicates. Crop cycle (plant cane and ratoon) and soil depth (0-20
and 20-40 cm) were considered additional fixed factors in the model. For
soil attributes, the ANOVA model included the effects of Ca-Mg-S source,
K source, crop cycle, soil depth, and their interactions, using the appro-
priate error terms for main plots and subplots. For plant tissue attributes,
the model included Ca-Mg-S source, K source, crop cycle, and their in-
teractions. Block effects were considered random. When significant effects
were detected, treatment means were compared using Tukey's honestly
significant difference (HSD) test at a significance level of p < 0.05.

To further evaluate the robustness of treatment effects and account
for the hierarchical structure of the experiment, linear mixed-effects
models were additionally fitted, considering block as a random effect.
The outcomes of these models were consistent with those obtained from
the split-plot ANOVA and are presented as complementary information.

Multivariate analyses were applied to explore relationships among
soil chemical attributes and plant responses. Principal component
analysis (PCA) was performed separately for (i) soil pH and extractable
micronutrients (Cu, Fe, Mn, and Zn) and (ii) stalk yield and leaf
micronutrient accumulation. Prior to PCA, variables were standardized
(mean = 0, standard deviation = 1) to avoid scale effects. PCA results
were interpreted based on eigenvalues, variable loadings, and biplots. In
addition, Pearson correlation coefficients were calculated among soil
chemical attributes and plant variables, and the results were visualized
using a correlation matrix heatmap to identify patterns of association
and potential trade-offs among variables.

All statistical analyses and graphical representations were performed
using Python, with packages including pandas, numpy, scipy, statsmodels,
scikit-learn, matplotlib, and seaborn.

3. Results
3.1. Mineralogical description of the coproducts

The mineralogical composition of the coproducts used in this study is
shown in Fig. 3. Rhythmite (Fig. 3a) was composed mainly of quartz,
smectite, calcite, dolomite, and pyrite. Bituminous shale (Fig. 3b) con-
tained quartz, albite, mica, and pyrite, whereas clayey siltstone (Fig. 3c)
was characterized by the presence of smectite, illite, quartz, feldspar,
and mica. These mineral assemblages are consistent with those reported
in previous studies for similar lithologies (Goldberg and Humayun,

Table 1
Total micronutrients and heavy metals contents present in the coproducts used in the experiments.
Coproducts MnO Fe,03 Zn Cu Ccd Pb Hg As
% mg kg !
limestone® 0.20 0.76 11.0 4.8 <QLS 3.7 <QL¢ 3.60
rhythmite?® 0.35 4.52 32,5 17.3 <QL® 15.11 <QL® 0.51
clayey siltstone® 0.09 5.37 70.0 25.3 0.20 18.50 0.07 3.90

Inductively coupled plasma optical emission spectrometry (ICP-OES), using a modified aqua regia digestion (1:1:1 HNO3:HCI:H,0); *Irati Formation; "Corumbatar’

Formation; “quantification limit (Cd = 0.09; Hg = 0.02).



M. Rodrigues et al.

Earth Critical Zone 3 (2026) 100079

Table 2
Initial characterization of clay content and the chemical attributes of the arable layer (0-20 cm) of an Arenosol in Paranavai/PR — Brazil.
Soil Clay® C pH (H;0) pH (CaCly) H+ Al Al Ca K CEC, P SO4 \4
—gkg ' — cmol, dm > -mg dm~— - %
Arenosol 140 4.84 6.0 5.0 2.05 0.05 0.72 0.51 0.10 3.38 4.2 6.4 40
2 pipette method.
578
-68.000 -53.000 -38.000
T T T
-23.509 -23.509
3.000 3.000
0 75 /150 knj
-26.899 -26.899
-12.000 - -12.0 7578
-27.000 - -27.000
0 250 500 km
|-
1 1 1
~68.000 ~53.000 -38.000
Fig. 2. Location map of the experimental area.
Table 3
Treatment factors and doses of the Ca, Mg, S and K»O sources.
plot supblot treatments doses (kg ha™!)
Ca Mg S K20
control phonolite® T1 0 0 0 140
clayey siltstone® T2
limestone® phonolite® T3 586 351 10 140
clayey siltstone® T4
rhythmite” phonolite® T5 555 415 91 140
clayey siltstone® T6
limestone®+ rhythmite® phonolite® T7 1141 766 101 140
clayey siltstone® T8
limestone®+ gypsum” phonolite® T9 698 351 101 140
clayey siltstone® T10
limestone™+ fidagran® phonolite® T11 914 479 101 140
clayey siltstone® T12

# Rock powders.
Y Industrial subproduct of the production of P-based fertilizers.
¢ Granulated material composed of CaMg(COs), + CaSO4 + S.

2016; Margarita Torres Moreno et al., 2014; Moreno-Garcia et al., 2018)
that demonstrate the presence of similar minerals to those found in this
study in the evaluated rocks.

3.2. Effect of the application of mining coproducts on soil chemical
attributes

During the plant cane cycle, soil chemical attributes in the 0-20 cm
layer were significantly affected by Ca—Mg-S sources applied to the main
plots, whereas K sources exerted a limited and inconsistent influence

(Table 4). The statistical differences observed among treatments trans-
lated into clear shifts in soil fertility classes when interpreted according to
Pauletti and Motta (2017), particularly for soil pH and Mn availability.
Soil pH differed significantly among Ca-Mg-S sources (p < 0.05),
with the control treatments showing the lowest values (4.95-5.07),
statistically inferior to all amended treatments. According to Pauletti
and Motta (2017), these values fall within the low pH class, indicative of
acidic conditions. The application of limestone, rhythmite, or their
combinations significantly increased soil pH to values between 5.38 and
6.47, shifting the soil from the low to the medium or high pH classes. The
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Fig. 3. X-ray diffractometry of rock powders used in the study: rhythmite (a), clayey siltstone (b), limestone (c) and phonolite (d); *Ca/Do = calcite and dolomite;
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combined limestone + rhythmite treatment resulted in the highest pH
values (6.40-6.47), which were statistically superior to single-source
applications and classified as high, demonstrating a more effective
acidity correction in the surface layer.

Exchangeable Cu contents did not differ statistically among Ca-Mg-S
sources or between K sources (p > 0.05), remaining within a narrow
range (1.03-1.35 mg kg™ 1). All treatments were classified as high in
terms of Cu availability, indicating that neither soil amendments nor K
source selection altered Cu fertility status in the plant cane cycle.

Soil Zn contents also showed no significant differences among
Ca-Mg-S sources (p > 0.05), with values ranging from 0.62 to 2.50 mg
kg~ !. Agronomically, Zn levels were predominantly classified as medium
to high, and no treatment resulted in Zn contents below the adequate

range, even under treatments that significantly increased soil pH.

In contrast, soil Mn contents were strongly affected by Ca-Mg-S
sources (p < 0.05). The control treatments exhibited the highest Mn
contents (15.22-18.32 mg kg™1), statistically superior to all amended
treatments and classified as high, a range associated with increased risk
of Mn toxicity under acidic conditions. All Ca-Mg-S amendments
significantly reduced Mn concentrations to values between 8.38 and
13.48 mg kg !, shifting Mn availability from the high to the medium
fertility class. The limestone + rhythmite treatments showed the
greatest reductions, with Mn levels statistically lower than those
observed under limestone or rhythmite applied alone, indicating a cu-
mulative effect on Mn immobilization mediated by soil pH increase.

Soil Fe contents exhibited limited sensitivity to Ca-Mg-S sources,

Table 4

Mean soil pH and nutrient contents in the 0—20 cm layer as affected by treatments during the plant cane cycle.
Plots Subplots pH Cu (mg kg ™) Fe (mg kg™!) Mn (mg kg™1) Zn (mg kg™1)
Control Clayey Siltstone 4.95 cA 1.35aA 11.75 aA 18.32 aA 2.50 aA
Control Phonolite 5.07 cA 1.30 aA 10.75 A 15.22 aA 1.12 aA
Limestone Clayey Siltstone 5.38 bA 1.20 aA 10.50 aA 13.48 bA 0.80 aA
Limestone Phonolite 5.85 bA 1.03 aA 6.75 aA 10.88 bA 1.00 aA
Rhythmite Clayey Siltstone 6.05 bA 1.20 aA 8.50 aA 11.85bA 0.87 aA
Rhythmite Phonolite 5.85 bA 1.18 aA 7.50 aA 12.73 bA 1.33 aA
Limestone + Rhythmite Clayey Siltstone 6.47 aA 1.12aA 4.75 aA 8.70 bA 0.62 aA
Limestone + Rhythmite Phonolite 6.40 aA 1.07 aA 5.25 aA 8.38 bA 0.92 aA
Limestone + Gypsum Clayey Siltstone 5.42 bA 1.20 aA 8.50 aA 12.75 bA 1.70 aA
Limestone + Gypsum Phonolite 5.88 bA 1.12aA 6.25 aB 12.18 bA 1.60 aA
Limestone + Fidagran Clayey Siltstone 5.72 bA 1.20 aA 8.00 aA 9.95 bA 0.85 aA
Limestone + Fidagran Phonolite 5.65 bA 1.20 aA 8.00 aA 10.70 bA 1.20 aA

Means followed by the same lowercase letter do not differ among Ca-Mg-S sources (main plots), while uppercase letters indicate differences among K sources within

each Ca-Mg-S source (subplots), according to Tukey's test (p < 0.05).
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with most treatments not differing statistically (p > 0.05). Values ranged
from 4.75 to 11.75 mg kg ! and were classified as medium to high ac-
cording to Pauletti and Motta (2017). A significant difference between K
sources was observed only within the limestone + gypsum treatment,
where clayey siltstone resulted in higher Fe contents than phonolite;
however, this difference did not alter the Fe fertility class and is there-
fore of limited agronomic relevance.

Overall, Ca-Mg-S amendments improved soil chemical quality in the
surface layer by raising pH and reducing Mn availability, without
inducing Cu, Fe, or Zn deficiencies.

During the ratoon cane cycle, soil chemical attributes in the 0-20 cm
layer remained significantly influenced by Ca-Mg-S sources applied to
the main plots, whereas K sources exerted a limited effect on most
variables (Table 5). The statistically significant differences observed
among treatments were reflected in distinct soil fertility classes when
interpreted according to Pauletti and Motta (2017), particularly for soil
pH, Mn, and Fe availability (see Table 6).

Soil pH differed significantly among Ca-Mg-S sources (p < 0.05).
Control treatments presented the lowest pH values (4.95-4.97), which
were statistically inferior to all amended treatments and classified as
low, indicating persistent soil acidity during the ratoon cycle. In
contrast, Ca-Mg-S amendments increased soil pH to values ranging
from 5.55 to 6.20, shifting the soil to the medium to high pH classes. The
highest pH values were observed under the combined
limestone + rhythmite treatments, which were statistically superior to
single-source applications and classified as high, demonstrating the
persistence of the liming effect into the ratoon cycle.

Exchangeable Cu contents were not significantly affected by
Ca-Mg-S sources or K sources (p > 0.05), remaining within a narrow
range (0.47-0.72 mg kg’l). According to Pauletti and Motta (2017),
these values are classified as medium to high, indicating adequate Cu
availability across all treatments and the absence of Cu-related nutri-
tional constraints during the ratoon cycle.

Soil Zn contents showed no significant differences among Ca-Mg-S
sources (p > 0.05); however, within the control treatment, a significant
difference between K sources was observed (p < 0.05). The phonolite
source resulted in Zn contents (1.90 mg kg™ 1) statistically higher than
those obtained with clayey siltstone (0.53 mg kg ™!). Agronomically, this
difference corresponds to a shift from the medium to the high Zn fertility
class. Despite its statistical significance, this effect was restricted to the
control treatment and did not reflect a consistent response to K source
selection under Ca-Mg-S amendments.

Soil Mn contents were strongly influenced by Ca-Mg-S sources
(p < 0.05). Control treatments exhibited the highest Mn values
(18.48-18.88 mg kg™ 1), statistically superior to all amended treatments
and classified as high, a range associated with increased Mn availability
under acidic conditions. The application of Ca-Mg-S sources signifi-
cantly reduced Mn contents to values between 12.68 and 14.25 mg kg™,
shifting Mn availability from the high to the medium fertility class.
These reductions were consistent across K sources, indicating that Mn
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availability during the ratoon cycle was primarily regulated by Ca-Mg-S
amendments rather than by K source selection.

Soil Fe contents were also significantly affected by Ca—Mg-S sources
(p < 0.05). The control treatments presented the highest Fe contents
(15.00-16.50 mg kg™, classified as high, whereas Ca-Mg-S amend-
ments reduced Fe contents to values ranging from 7.25 to
11.75 mg kg™!, corresponding predominantly to the medium fertility
class. Despite these statistically significant reductions, Fe levels
remained within adequate ranges for sugarcane nutrition, and no sig-
nificant differences were detected between K sources within each
Ca-Mg-S treatment.

Overall, the statistically significant effects of Ca-Mg-S sources dur-
ing the ratoon cane cycle resulted in agronomically meaningful im-
provements in soil chemical status, particularly through the
maintenance of medium to high pH and the reduction of excessive Mn
and Fe availability. In contrast, statistically significant differences
associated with K sources were limited, treatment-specific, and of minor
agronomic relevance. These results indicate that the residual effects of
Ca-Mg-S amendments persist into the ratoon cycle, contributing to
sustained soil chemical balance without inducing micronutrient de-
ficiencies in the surface layer.

Soil pH differed significantly among Ca-Mg-S sources (p < 0.05).
Control treatments presented the lowest pH values (5.03-5.17), which
were statistically inferior to treatments receiving rhythmite alone or in
combination with limestone and classified as low to medium. The
application of rhythmite, either alone or combined with limestone,
significantly increased soil pH to values between 6.22 and 6.50, shifting
the soil to the high pH class. Limestone applied alone or combined with
gypsum or fidagran resulted in intermediate pH values (5.28-5.62),
classified as medium, and did not differ statistically from the control in
all cases, indicating a more limited liming effect at this depth.

Exchangeable Cu contents showed no significant differences among
Ca-Mg-S sources (p > 0.05), remaining within a narrow range
(1.30-1.58 mg kg™ 1) and classified as high according to Pauletti and
Motta (2017). However, within the limestone treatment, a significant
difference between K sources was observed (p < 0.05), with clayey
siltstone resulting in higher Cu concentrations than phonolite (1.58 vs.
1.30 mg kg ™1). Despite its statistical significance, this difference did not
result in a change in Cu fertility class and is therefore considered agro-
nomically marginal.

Soil Mn contents were strongly affected by Ca-Mg-S sources (p <
0.05). Control treatments exhibited the highest Mn values (11.75-16.40
mg kg 1), classified as high, whereas Ca—Mg-S amendments significantly
reduced Mn contents to values between 6.67 and 10.53 mg kg~ ?, shifting
Mn availability from the high to the medium fertility class. Within the
rhythmite treatment, Mn contents differed significantly between K sour-
ces (p < 0.05), with phonolite resulting in higher Mn levels than clayey
siltstone (9.68 vs. 6.78 mg kg™1). Agronomically, both values remained
within the medium class, indicating that this interaction, although sta-
tistically significant, has limited practical relevance.

Table 5

Mean soil pH and nutrient contents in the 0-20 cm layer as affected by treatments during the ratoon cane cycle.
Plots Subplots pH Cu (mg kg ™) Fe (mg kg™1) Mn (mg kg™ 1) Zn (mg kg™1)
Control Clayey Siltstone 4.95 bA 0.72 aA 16.50 aA 18.88 aA 0.53 aB
Control Phonolite 4.97 bA 0.55 aA 15.00 aA 18.48 aA 1.90 aA
Limestone Clayey Siltstone 5.80 aA 0.57 aA 7.50 bA 12.68 bA 0.62 aA
Limestone Phonolite 5.62 aA 0.62 aA 8.50 bA 12.78 bA 0.88 aA
Rhythmite Clayey Siltstone 5.95 aA 0.50 aA 10.25 bA 13.97 bA 0.70 aA
Rhythmite Phonolite 5.83 aA 0.55 aA 9.75 bA 13.62 bA 0.53 aA
Limestone + Rhythmite Clayey Siltstone 6.17 aA 0.55 aA 7.25 bA 13.15 bA 0.58 aA
Limestone + Rhythmite Phonolite 6.20 aA 0.55 aA 8.75 bA 14.12bA 0.90 aA
Limestone + Gypsum Clayey Siltstone 5.55aA 0.65 aA 11.75 bA 14.25 bA 0.57 aA
Limestone + Gypsum Phonolite 5.58 aA 0.47 aA 10.75 bA 14.00 bA 0.65 aA
Limestone + Fidagran Clayey Siltstone 6.08 aA 0.62 aA 8.25 bA 13.80 bA 0.88 aA
Limestone + Fidagran Phonolite 6.05 aA 0.52 aA 7.75 bA 13.60 bA 0.88 aA

Means followed by the same lowercase letter do not differ among Ca—Mg-S sources (main plots), while uppercase letters indicate differences among K sources within

each Ca-Mg-S source (subplots), according to Tukey's test (p < 0.05).
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Table 6

Mean soil pH and nutrient contents in the 20-40 cm layer as affected by treatments during the plant cane cycle.
Plots Subplots pH Cu (mg kg ™) Fe (mg kg™') Mn (mg kg™ Zn (mg kg™)
Control Clayey Siltstone 5.03 bA 1.48 aA 10.50 aA 16.40 aA 0.50 aA
Control Phonolite 5.17 bA 1.45aA 10.75 aA 11.75 aA 0.93 aA
Limestone Clayey Siltstone 5.47 bA 1.58 aA 11.75 aA 10.53 bA 0.35 aA
Limestone Phonolite 5.62 bA 1.30 aB 6.75 aA 8.22 bA 0.60 aA
Rhythmite Clayey Siltstone 6.22 aA 1.43 aA 9.00 aA 6.78 bB 0.33 aA
Rhythmite Phonolite 6.25 aA 1.42 aA 6.00 aA 9.68 bA 0.47 aA
Limestone + Rhythmite Clayey Siltstone 6.50 aA 1.32 aA 8.00 aA 6.67 bA 0.45 aA
Limestone + Rhythmite Phonolite 6.30 aA 1.35aA 6.75 aA 7.00 bA 0.40 aA
Limestone + Gypsum Clayey Siltstone 5.28 bA 1.48 aA 10.50 aA 9.10 bA 0.75 aA
Limestone + Gypsum Phonolite 5.62 bA 1.45aA 9.25 aA 7.75 bA 0.62 aA
Limestone + Fidagran Clayey Siltstone 5.53 bA 1.30 aA 6.75 aA 9.97 bA 0.48 aA
Limestone + Fidagran Phonolite 5.62 bA 1.40 aA 6.25 aA 7.52 bA 0.38 aA

Means followed by the same lowercase letter do not differ among Ca-Mg-S sources (main plots), while uppercase letters indicate differences among K sources within

each Ca-Mg-S source (subplots), according to Tukey's test (p < 0.05).

Soil Fe contents did not differ significantly among Ca-Mg-S sources or
between K sources (p > 0.05), with values ranging from 6.00 to
11.75 mg kg ! and classified as medium to high. Similarly, soil Zn con-
centrations showed no significant differences among treatments
(p > 0.05), remaining within a narrow range (0.33-0.93 mg kg™!) and
predominantly classified as medium, with no indication of Zn deficiency
at this depth.

Overall, the statistically significant effects of Ca-Mg-S sources in the
subsurface layer during the plant cane cycle were primarily associated
with increases in soil pH and reductions in Mn availability, resulting in
agronomically relevant shifts from high Mn availability to medium, non-
restrictive levels. In contrast, statistically significant differences involving
K sources were isolated and did not translate into meaningful changes in
soil fertility classes, reinforcing the dominant role of Ca-Mg-S amend-
ments in regulating subsurface soil chemical conditions.

During the ratoon cane cycle, soil chemical attributes in the
20-40 cm layer showed a significantly response to Ca-Mg-S sources
only for soil pH, whereas K sources did not significantly affect any of the
evaluated variables (Table 7).

Soil pH differed significantly among Ca-Mg-S sources (p < 0.05).
The control treatments exhibited the lowest pH values, ranging from
4.83-4.92, and were statistically lower than all amended treatments.
Limestone and limestone + gypsum resulted in intermediate pH values,
ranging from 5.38 to 5.45, while the highest pH values were observed
under rhythmite, limestone + rhythmite, and limestone + fidagran
treatments, ranging from 5.78 to 6.25. These results indicate that
Ca-Mg-S amendments increased soil pH in the subsurface layer during
the ratoon cycle, with stronger responses associated with rhythmite-
containing treatments and limestone + fidagran.

Exchangeable Cu contents were not significantly affected by either
Ca-Mg-S sources or K sources (p > 0.05). Values ranged from 0.65 to
1.00 mg kg™, indicating that Cu availability remained relatively stable
across treatments.

Soil Fe contents also showed no significant differences among

Ca—Mg-S sources or between K sources (p > 0.05). Although Fe values
varied numerically from 7.25 to 17.50 mg kg™?, the absence of statistical
differences indicates that the observed variation was not consistent
enough to characterize a treatment effect.

Similarly, soil Mn contents were not significantly affected by
Ca-Mg-S sources or K sources (p > 0.05). Values ranged from 8.05 to
15.25 mg kg™'. Numerically, the lowest Mn contents were observed
under rhythmite, limestone + rhythmite, and limestone + fidagran
treatments, while the highest values occurred in the control treatments;
however, these differences were not statistically significant.

Soil Zn contents did not differ significantly among treatments (p >
0.05), with values ranging from 0.25 to 0.67 mg kg™'. No significant
effect of K source was observed within any Ca-Mg-S treatment.

Overall, the results for the 20-40 cm layer during the ratoon cane
cycle indicate that Ca-Mg-S amendments significantly improved sub-
surface soil pH, particularly when rhythmite or limestone + fidagran
were applied. However, Cu, Fe, Mn, and Zn availability were not
significantly altered by Ca-Mg-S sources or by K sources, suggesting
that the main residual effect of the amendments at this depth was related
to soil acidity correction rather than to consistent changes in micro-
nutrient availability.

3.3. Effect of the application of mining coproducts on plant attributes

Leaf nutrient accumulation and stalk yield during the plant cane
cycle were not significantly affected by Ca—Mg-S sources applied to the
main plots or by K sources applied to the subplots (Table 8). Stalk yield
values ranged from 99,182 to 128,119 kg ha™!, with no statistically
significant differences among treatments. Numerically, the highest stalk
yield values were observed under the combined application of limestone
and rhythmite, reaching 128119 kg ha™' with the clayey siltstone
source, which represents an increase of approximately 29% compared
with the lowest yield observed in the control treatment with phonolite.

Copper accumulation in plant tissues remained statistically similar

Table 7

Mean soil pH and nutrient contents in the 20-40 cm layer as affected by treatments during the ratoon cane cycle.
Plots Subplots pH Cu (mg kg ™) Fe (mg kg™1) Mn (mg kg™ 1) Zn (mg kg™1)
Control Clayey Siltstone 4.83 cA 0.90 aA 17.50 aA 15.25 aA 0.55 aA
Control Phonolite 4.92 cA 0.98 aA 15.00 aA 13.25 aA 0.50 aA
Limestone Clayey Siltstone 5.40 bA 0.68 aA 11.00 aA 10.52 aA 0.50 aA
Limestone Phonolite 5.42 bA 0.80 aA 12.00 aA 10.75 aA 0.67 aA
Rhythmite Clayey Siltstone 6.00 aA 1.00 aA 8.00 aA 8.07 aA 0.30 aA
Rhythmite Phonolite 5.88 aA 0.70 aA 9.00 aA 8.90 aA 0.50 aA
Limestone + Rhythmite Clayey Siltstone 6.00 aA 0.90 aA 8.75 aA 8.05 aA 0.30 aA
Limestone + Rhythmite Phonolite 6.25 aA 0.77 aA 7.25 aA 9.15 aA 0.40 aA
Limestone + Gypsum Clayey Siltstone 5.38 bA 0.93 aA 14.25 aA 11.65 aA 0.43 aA
Limestone + Gypsum Phonolite 5.45 bA 0.68 aA 11.75 aA 12.72 aA 0.50 aA
Limestone + Fidagran Clayey Siltstone 5.78 aA 0.77 aA 7.75 aA 8.50 aA 0.25 aA
Limestone + Fidagran Phonolite 6.03 aA 0.65 aA 8.00 aA 9.18 aA 0.40 aA

Means followed by the same lowercase letter do not differ among Ca—Mg-S sources (main plots), while uppercase letters indicate differences among K sources within

each Ca-Mg-S source (subplots), according to Tukey's test (p < 0.05).
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across all treatments, ranging from 25.60 to 34.35 g ha™!, while Zn
accumulation showed no significant differences among treatments,
remaining within 60.91 to 89.21 g ha™!. Iron accumulation ranged from
217.24 to 430.22 g ha™?, and Mn accumulation varied from 264.01 to
434.02 g ha!, with numerically higher values under limestone plus
gypsum and rhythmite-based treatments. Despite the numerical varia-
tion observed — the highest Fe accumulation under limestone plus
rhythmite with clayey siltstone was approximately 98% greater than the
lowest value in the control, and the highest Mn accumulation under
limestone plus gypsum was approximately 64% higher than the lowest
value under limestone plus fidagran — none of these differences were
statistically significant across Ca-Mg-S or K sources. Overall, leaf
micronutrient accumulation and stalk yield during the plant cane cycle
were not significantly altered by Ca—Mg-S or K sources, despite nu-
merical trends suggesting greater nutrient accumulation and yield under
combined Ca-Mg-S treatments.

Leaf nutrient accumulation and stalk yield during the ratoon cane
cycle were not significantly affected by Ca-Mg-S sources applied to the
main plots or by K sources applied to the subplots (Table 9). Stalk yield
values ranged from 87,582 to 107,247 kg ha™!, with no statistically
significant differences among treatments. Numerically, the highest stalk
yield value was observed under the rhythmite treatment with phonolite,
which was approximately 22% higher than the lowest yield recorded in
the control treatment with clayey siltstone.

Copper and Zn accumulation remained statistically similar across all
treatments during the ratoon cycle, ranging from 25.78 to 31.32 g ha™*
and 61.70 to 84.24 g ha™!, respectively. Iron accumulation ranged from
225.36 to 400.00 g ha™!, with the highest values under the combined
application of limestone and rhythmite with phonolite (approximately
77% greater than the lowest value in the control), and Mn accumulation
ranged from 276.70 to 446.45 g ha™!, with numerically higher values
under rhythmite-based treatments. As in the plant cane cycle, none of
these differences were statistically significant across Ca-Mg-S or K
sources. Overall, these results confirm that leaf micronutrient accumu-
lation and stalk yield were not significantly influenced by Ca-Mg-S or K
sources across either crop cycle, indicating strong physiological buft-
ering of micronutrient uptake in sugarcane regardless of the substantial
soil chemical modifications induced by the amendments.

3.4. Integrated statistical analysis of soil and plant responses

The linear mixed-effects models revealed distinct responses of soil
and plant variables to crop cycle, soil depth, and their interaction

Table 8
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(Table 10). Soil pH was not significantly affected by crop cycle (plant vs.
ratoon), soil depth (0-20 vs. 20-40 cm), or by the interaction between
these factors, with p-values greater than 0.43 for all fixed effects.

In contrast, several soil micronutrients showed significant effects of
crop cycle and soil depth. Soil Cu contents were significantly affected by
both crop cycle and soil depth (p < 0.001 for both factors), whereas the
interaction between cycle and depth was not significant (p = 0.9123).
Similarly, soil Mn contents were significantly influenced by crop cycle
(p = 0.0005) and soil depth (p < 0.001), with no significant interaction
between factors.

Soil Fe contents were significantly affected by crop cycle
(p = 0.0015), while soil depth and the interaction between crop cycle
and depth were not significant (p = 0.4729 and 0.8253, respectively).
Soil Zn contents were significantly influenced by crop cycle (p = 0.0053)
and soil depth (p < 0.001), with no significant interaction detected
(p =0.1112).

Stalk yield was significantly affected by crop cycle (p < 0.001),
indicating differences in productivity between plant cane and ratoon
cane. In contrast, leaf nutrient accumulation variables, including Cu, Fe,
Mn, and Zn accumulation, were not significantly influenced by crop
cycle, with p-values ranging from 0.8323 to 0.9914.

Overall, the mixed-model analysis indicates that soil micronutrient
contents were primarily influenced by crop cycle and soil depth,
whereas leaf nutrient accumulation was stable across crop cycles, and no
significant interactions between crop cycle and soil depth were detected
for any of the evaluated variables.

The principal component analysis (PCA) of soil chemical attributes
indicated that the first two components explained 64.6% of the total
variance, with PC1 accounting for 42.9% and PC2 for 21.7% (Fig. 4a).
The first principal component was primarily associated with soil pH,
which showed strong positive loadings, whereas extractable Fe and Mn
exhibited negative loadings along this axis. Accordingly, samples were
mainly separated along PC1 according to gradients of soil acidity and
Fe-Mn availability, with Ca-Mg-S-amended treatments positioned to-
ward higher PC1 values and the control treatments toward lower PC1
values.

The second principal component of the soil PCA was mainly associ-
ated with extractable Cu, which showed the strongest loading along
PC2. Zn contributed moderately to both PC1 and PC2, whereas Mn
showed a stronger association with PC1. Partial separation between crop
cycles was observed along PC2, with ratoon samples more frequently
positioned in the negative region of this axis.

In contrast, the PCA of plant tissue variables showed a different

Mean leaf accumulation of Cu, Fe, Mn, and Zn and stalk yield in sugarcane during the plant cane cycle, grouped by treatment.

Plots Subplots Stalk yield (kg Cu accumulation (g Fe accumulation (g Mn accumulation (g Zn accumulation (g
ha™') ha™!) ha 1) ha™?) ha™)

Control Clayey 107933.33 aA 28.42 aA 249.26 abA 403.51 aA 66.39 aA
Siltstone

Control Phonolite 99181.67 8 aA 25.60 aA 217.24 bA 351.07 aA 60.91 aA

Limestone Clayey 119902.22 aA 28.74 aA 336.58 abA 391.25 aA 71.25 aA
Siltstone

Limestone Phonolite 113146.67 aA 27.10 aA 282.21 abA 351.40 aA 69.24 aA

Rhythmite Clayey 113883.33 aA 28.33 aA 311.68 abA 372.21 aA 77.90 aA
Siltstone

Rhythmite Phonolite 114561.11 aA 28.52 aA 323.78 abA 406.18 aA 74.53 aA

Limestone + Rhythmite  Clayey 128118.89 aA 34.35 aA 430.22 aA 363.30 aA 89.21 aA
Siltstone

Limestone + Rhythmite ~ Phonolite 111483.33 aA 30.07 aA 361.38 abA 321.55 aA 75.70 aA

Limestone + Gypsum Clayey 125807.78 aA 31.68 aA 332.15 abA 434.02 aA 88.79 aA
Siltstone

Limestone + Gypsum Phonolite 111200.56 aA 27.86 aA 308.72 abA 360.44 aA 74.58 aA

Limestone + Fidagran Clayey 110217.22 aA 27.33 aA 245.26 bA 264.01 aA 74.38 aA
Siltstone

Limestone + Fidagran Phonolite 117483.33 aA 29.50 aA 260.13 abA 298.52 aA 79.60 aA

Means followed by the same lowercase letter do not differ among Ca-Mg-S sources (main plots), while uppercase letters indicate differences among K sources within

each Ca-Mg-S source (subplots), according to Tukey's test (p < 0.05).
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Mean leaf accumulation of Cu, Fe, Mn, and Zn and stalk yield in sugarcane during the ratoon cane cycle, grouped by treatment.

Plots Subplots Stalk yield (kg Cu accumulation (g Fe accumulation (g Mn accumulation (g Zn accumulation (g
ha™) ha™ 1) ha 1) ha 1) ha™1)

Control Clayey 87582.22 aA 26.63 aA 235.17 cA 382.23 aA 61.70 aA
Siltstone

Control Phonolite 87704.33 aA 26.65 aA 225.36 cA 368.99 aA 63.02 aA

Limestone Clayey 91862.78 aA 25.78 aA 302.13 abcA 355.95 aA 63.08 aA
Siltstone

Limestone Phonolite 97648.89 aA 27.40 aA 285.28 abcA 355.38 aA 70.15 aA

Rhythmite Clayey 98166.67 aA 28.21 aA 321.40 abcA 376.90 aA 78.72 aA
Siltstone

Rhythmite Phonolite 107246.67 aA 31.29 aA 333.36 abcA 446.45 aA 81.95 aA

Limestone + Rhythmite  Clayey 98551.11 aA 30.93 aA 369.75 abA 330.75 aA 79.60 aA
Siltstone

Limestone + Rhythmite ~ Phonolite 99247.78 aA 31.32 aA 400.00 aA 335.34 aA 78.97 aA

Limestone + Gypsum Clayey 92816.67 aA 27.54 aA 296.37 abcA 372.34 aA 77.62 aA
Siltstone

Limestone + Gypsum Phonolite 106300.00 aA 31.17 aA 322.07 abcA 404.14 aA 84.24 aA

Limestone + Fidagran Clayey 97671.11 aA 28.15 aA 246.93 bcA 276.70 aA 77.57 aA
Siltstone

Limestone + Fidagran Phonolite 104525.56 aA 30.60 aA 284.44 abcA 314.04 aA 82.46 aA

Means followed by the same lowercase letter do not differ among Ca—Mg-S sources (main plots), while uppercase letters indicate differences among K sources within

each Ca-Mg-S source (subplots), according to Tukey's test (p < 0.05).

Table 10
Mixed linear models for soil and plant variables.
Variable P—cycle P- P — interaction Converged
depth cycle x depth
pH 0.9676™ 0.9514™ 0.4382"™ Yes
Cu 0** 0** 0.9123™ Yes
Fe 0.0015** 0.4729™ 0.8253™ Yes
Mn 0.0005** Q** 0.2392"™ Yes
Zn 0.0053** 0** 0.1112™ Yes
Stalk yield (kg 0** - - Yes
ha™1)
Cu accumulation (g~ 0.8658™ - - Yes
ha™1)
Fe accumulation (g =~ 0.8323™ - - Yes
ha™)
Mn accumulation 0.9914™ - - Yes
(gha™)
Zn accumulation (g 0.9229 - - Yes
ha™1)

P-values refer to fixed effects of crop cycle (plant vs. ratoon), soil depth (0-20 vs.
20-40 cm), and their interaction.
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multivariate structure (Fig. 4b). The first two principal components
explained 79.5% of the total variance, with PC1 accounting for 59.5%
and PC2 for 20.0%. The first principal component was mainly associated
with stalk yield and the accumulation of Fe, Zn, and Mn in plant tissues,
as indicated by the direction and length of the vectors. Samples were
primarily distributed along PC1 according to variation in these vari-
ables, with higher PC1 scores corresponding to greater yield and
micronutrient accumulation.

The second principal component of the plant PCA was predominantly
associated with Cu accumulation, which showed the highest loading
along PC2. Compared with the soil PCA, the plant PCA exhibited a more
compact clustering of samples and substantial overlap among treatments
and crop cycles, indicating limited multivariate differentiation in plant
responses.

Overall, the comparison between soil and plant PCAs indicates that
soil chemical attributes exhibited stronger multivariate separation
among treatments, driven mainly by pH and Fe-Mn availability,
whereas plant tissue variables and yield showed reduced dispersion and
weaker treatment discrimination, despite the pronounced variability
observed in soil chemical conditions. From a management standpoint,
this decoupling suggests that soil chemical indicators are more sensitive
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Fig. 4. Principal Component Analysis (PCA) biplot illustrating the multivariate relationships among soil chemical attributes (a) and plant (b) responses under

different treatments, soil depths, and crop cycles.
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early-response diagnostics for amendment efficacy, whereas plant-based
metrics may require longer time horizons or more limiting baseline
conditions to reflect treatment effects.

The heatmap of Pearson correlation coefficients illustrates the re-
lationships among soil chemical attributes, leaf micronutrient accumu-
lation, and stalk yield (Fig. 5). Correlation coefficients ranged from —0.65
to 0.83, indicating weak to strong linear associations among variables.

Soil pH showed a moderate to strong negative correlation with
extractable Fe (r = —0.65) and a moderate negative correlation with
extractable Mn (r = —0.50). In contrast, correlations between soil pH
and Cu (r = —0.14) or Zn (r = —0.08) were weak. Soil pH exhibited only
a weak positive correlation with stalk yield (r = 0.18).

Among soil micronutrients, extractable Fe and Mn were moderately
positively correlated (r = 0.49), whereas correlations between Mn and
Zn (r = 0.28) and between Fe and Zn (r = 0.05) were weak. Soil Cu
showed weak correlations with Fe (r = —0.09), Mn (r = —0.17), and Zn
(r = 0.03).

Stalk yield was moderately to strongly positively correlated with leaf
micronutrient accumulation, particularly with Zn accumulation
(r = 0.83) and Fe accumulation (r = 0.73), and showed a moderate
positive correlation with Mn accumulation (r = 0.48). Correlations be-
tween stalk yield and soil micronutrient concentrations were generally
weak to moderate, ranging from —0.36 (Fe) to 0.38 (Cu).

Correlations between soil extractable micronutrients and their cor-
responding leaf accumulation were generally weak. Soil Cu showed a

Earth Critical Zone 3 (2026) 100079

weak correlation with Cu accumulation (r = 0.22), soil Fe with Fe
accumulation (r = —0.26), soil Mn with Mn accumulation (r = —0.07),
and soil Zn with Zn accumulation (r = 0.20).

Overall, the correlation matrix indicates that soil pH was primarily
associated with extractable Fe and Mn, whereas stalk yield was more
strongly associated with leaf micronutrient accumulation than with soil
chemical attributes.

4. Discussion

4.1. Mineralogical characteristics of mining coproduct and implications
for nutrient dynamics

The contrasting effects observed among coproducts are primarily
governed by their mineralogical composition and associated reactivity
within the soil environment. Limestone, rhythmite, gypsum-based ma-
terials, and fidagran differ substantially in dominant mineral phases,
crystallinity, solubility, and acid-neutralizing capacity, which collec-
tively determine their dissolution kinetics and interaction with the soil
matrix. Carbonate-rich materials, such as limestone and rhythmite
(containing calcite and dolomite; Fig. 3), increase soil pH through pro-
ton consumption and release of Ca?* and Mg?*, whereas gypsum-based
sources supply Ca and S without directly neutralizing soil acidity.

Among the evaluated materials, rhythmite—applied alone or in
combination with limestone—exhibited the greatest capacity to increase

Soil-Plant System Correlation

pH -0.14 -0.50 -0.08 0.18 -0.13 0.14 -0.01 0.08
Cu -0.14 -0.09 -0.17 0.03 0.38 0.22 0.47 0.60 0.55 1.00
Fe -0.09 0.49 0.05 -0.36 0.12 -0.26 -0.14 -0.36 0.75
-0.50
Mn  -0.50 -0.17 0.49 0.28 -0.14 0.07 -0.14 -0.07 -0.09
-0.25
Zn -0.08 0.03 0.05 0.28 0.24 0.04 0.25 0.17 0.20
-0.00
Stalk yield 0.18 0.38 -0.36 -0.14 0.24 0.06 0.48
-—0.25
Cu accumulation -0.13 0.22 0.12 0.07 0.04 0.06 0.12 0.21 0.17
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Fe accumulation 0.14 0.47 -0.26 -0.14 0.25 0.12 0.50 0.75
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Fig. 5. Heatmap of Pearson correlation coefficients among soil chemical attributes, leaf micronutrient accumulation, and stalk yield across inputs source treatments,

soil depths, and crop cycles.
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soil pH, with effects extending from the surface into the subsurface and
persisting across crop cycles. This behavior is attributed to the presence
of reactive carbonate phases (calcite and dolomite) combined with finer
particle size and higher specific surface area, which enhance dissolution
rates and promote greater contact with soil colloids. The importance of
particle size is well-established: particles <250 pm (60-mesh) exhibit
100% effectiveness in neutralizing soil acidity, whereas particles
>2000 pm (10-mesh) have negligible short-term reactivity (Liu et al.,
2010; Rauch and White, 1977; Yasuda et al., 2013). Our rhythmite, with
70% < 0.84 mm and 50% < 0.30 mm, falls within the highly reactive
size range, explaining its superior performance relative to coarser con-
ventional limestone applications.

Additionally, calcite reacts approximately twice as fast as dolomite
due to differential dissolution kinetics (Yasuda et al., 2013). However,
dolomite-containing materials like rhythmite can achieve sustained pH
increases due to continued Mg?" release over extended periods, consis-
tent with observations that dolomitic limestones maintain residual
neutralizing capacity longer than calcitic sources (du Toit et al., 2024;
Jones and Mallarino, 2018). Recent studies confirm that limes with high
Mg content show enhanced acid sensitivity and reactivity (Bassioni et al.,
2021), supporting our findings of rhythmite's superior effectiveness.

The mineralogical control of soil acidity also exerted decisive influence
on micronutrient dynamics. Increases in soil pH induced by carbonate-rich
sources consistently reduced extractable Mn and, to a lesser extent, Fe
contents, shifting these elements from high to medium fertility classes
across depths and crop cycles. This response reflects the strong pH
dependence of Mn and Fe solubility, driven by oxidation—precipitation
reactions and increased sorption onto Fe and Al oxides under less acidic
conditions (Goulding, 2016; Holland et al., 2018). Manganese is particu-
larly sensitive to pH changes: below pH 5.2, Mn solubility increases
exponentially, reaching potentially phytotoxic levels in acidic soils. The
pH-mediated reduction of Mn from 15 to 18 mg kg™! (control) to
8-14 mg kg ™! (amended treatments) aligns with documented thresholds
for Mn toxicity mitigation while maintaining adequate plant nutrition.

In contrast, Cu and Zn concentrations exhibited limited sensitivity to
Ca—Mg-S sources, with most treatments maintaining these elements
within medium to high fertility classes regardless of pH changes. This
stability suggests that, under the studied conditions, sorption mecha-
nisms controlling Cu and Zn availability were buffered by organic matter
and clay mineral interactions or by micronutrient inputs from the co-
products themselves (Table 1: 11-70 mg kg ! total Zn;
4.8-25.3 mg kg~ ! total Cu). Similar buffering has been reported for
sandy soils with low clay content, where Zn availability remains stable
despite pH increases when alternative amendments supply residual
micronutrients (Barreto et al., 2024; Richardson, 2024).

Overall, the results demonstrate that mineralogical characteristics of
Ca-Mg-S sources govern not only liming efficiency but also the
magnitude, persistence, and depth of their effects on soil micronutrient
dynamics. Carbonate-rich materials, particularly rhythmite-based
treatments, promoted a more balanced soil chemical environment by
simultaneously correcting acidity and regulating redox-sensitive
micronutrients. These findings highlight the importance of considering
mineralogical composition and particle size distribution, rather than
solely nutrient content, when selecting Ca-Mg-S sources for sustainable
soil fertility management in tropical agroecosystems.

4.2. Soil chemical responses to mining coproducts across depths and crop
cycles

The application of Ca-Mg-S sources exerted consistent and agro-
nomically relevant effects on soil chemical attributes, with soil pH and
Mn availability emerging as the most responsive variables.

Statistically significant pH increases occurred in both surface
(0-20 cm) and subsurface (20-40 cm) layers, with treatments combining
limestone and rhythmite promoting the highest values (6.4-6.5). This
cumulative liming effect persisted from the plant cane to ratoon cycle,
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shifting fertility classes from low to medium or high. These responses
align with global meta-analyses showing that liming positively in-
fluences soil pH and crop yields across diverse soil types (Enesi et al.,
2023), with typical pH increases of 0.93-1.64 units within 9 months in
tropical sugarcane systems (Lopez-Hernandez et al., 2013).

However, rhythmite-based treatments achieved greater subsurface
pH increases (ApH = 1.0-1.5 at 20-40 cm) compared to conventional
calcitic limestone. This enhanced downward mobility reflects the finer
particle size distribution (70% < 0.84 mm), higher reactivity, and
mineralogical composition (reactive dolomite and calcite; Fig. 3a) of
mining coproducts (Enesi et al., 2023; Manning and Theodoro, 2020;
Rodrigues et al., 2024a). The persistence of pH effects into the ratoon
cycle is consistent with reports of conventional calcitic limestone
maintaining residual neutralizing capacity for 2-4 years in tropical
sugarcane systems (Ejigu et al., 2023), suggesting that carbonate-rich
mining coproducts, particularly those with finer particle size and dolo-
mitic composition, may offer comparable or extended longevity relative
to standard agricultural lime.

Control treatments with low pH exhibited high Mn availability
(15-18 mg kg™ 1), whereas Ca-Mg-S amendments significantly reduced
Mn concentrations to 8-14 mg kg ™! across depths and cycles, mitigating
toxicity risk without inducing deficiency. This pH-mediated Mn reduc-
tion is well-documented in tropical soils, where lime application pre-
vents Mn and Al solubility, particularly below pH 5.2 where phytotoxic
levels occur in weathered Ultisols and Oxisols (Goulding, 2016; Holland
et al., 2018).

Surface layers showed greater Mn reduction (40-60%) than sub-
surface layers (20-35%), consistent with pH stratification patterns.
However, unlike conventional lime where subsurface Mn remains
largely unchanged, rhythmite treatments reduced Mn even at 20-40 cm
depth, suggesting that optimized particle size and reactive carbonate
minerals facilitate greater cation mobility throughout the root zone.
These reductions occurred without compromising plant Mn nutrition
(section 4.4), as sugarcane is considered a Mn-tolerant crop (Zambrosi
et al., 2016).

In contrast, Fe and Zn availability exhibited greater resilience to
amendment-induced changes. Zn remained stable despite pH increases
of up to 1.5 units, differing from expectations where liming induces
micronutrient deficiencies through precipitation and increased sorption
(Wenyika et al., 2025). This stability is consistent with the buffering
mechanisms discussed in section 4.1, and Fe stability likely reflects
redox buffering by iron oxides typical of weathered Brazilian soils,
where dissolution is controlled primarily by redox potential rather than
pH within the 5.0-6.5 range (Nishimoto et al., 2025).

Significant main effects of crop cycle and soil depth were detected for
Cu, Mn, Fe, and Zn, reflecting dynamic micronutrient availability in
sugarcane systems. However, the absence of significant cycle x depth
interactions indicates that Ca-Mg-S effects remained consistent across
soil layers and time, representing sustained modifications. This spatial-
temporal stability contrasts with annual cropping systems where
amendment effects dissipate within one season (Larkin, 2020), but
aligns with long-term perennial crop trials where residual liming effects
persist for 3-5 years (Enesi et al., 2023; Wenyika et al., 2025).

Overall, Ca-Mg-S mining coproducts improved soil chemical quality
primarily through acidity correction and Mn regulation, with effects
persisting across depths and cycles. The superior performance of
rhythmite-based treatments in subsurface pH modification and Mn
reduction represents a notable advancement for acidic tropical soils,
aligning with growing recognition of rock powders as sustainable
amendments supplying multiple nutrients while improving soil chemi-
cal balance (Manning and Theodoro, 2020; Rodrigues et al., 2021a; van
Straaten, 2007).

4.3. Plant nutrient accumulation and yield responses

Despite pronounced and statistically consistent effects of Ca-Mg-S
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sources on soil chemical attributes, plant responses were comparatively
stable across treatments in both crop cycles. Stalk yield did not differ
significantly among Ca-Mg-S or K sources, ranging from 88 to
128 Mg ha™!, indicating that sugarcane productivity was not directly
constrained by the variations in soil pH and micronutrient availability
observed. These yield levels remained within commercially acceptable
ranges, underscoring sugarcane's high adaptive capacity to spatial and
temporal heterogeneity in soil fertility.

The absence of significant yield responses contrasts with field studies
where liming increased sugarcane productivity by 15-40% in highly
acidic soils (de Campos et al., 2022; Yuan et al., 2025), but aligns with
reports where lime application failed to improve yields compared to
unlimed controls (Besen et al., 2021; Enesi et al., 2023). This pattern re-
flects a fundamental agronomic principle: yield responses to amendments
are most pronounced when baseline fertility limits crop performance.

In our Arenosol, despite low pH (4.95-5.07) in control treatments, the
absence of aluminum toxicity (0.05 cmol. dm~3) and adequate base
saturation (40%) likely maintained sufficient chemical conditions to
support commercial growth. This interpretation is supported by meta-
analytical findings showing that liming effects on crop yield are stron-
gest when soil pH < 4.5 and exchangeable Al > 1.0 cmol, dm™~3 (Wenyika
et al., 2025), conditions not present in our experimental site. The yield
stability across lime rates parallels observations in Brazilian sugarcane
systems where excessive lime application improved soil pH without
proportional yield increases (de Campos et al., 2022), suggesting dimin-
ishing agronomic returns beyond threshold acidity correction levels.

Leaf micronutrient accumulation exhibited limited sensitivity to
Ca-Mg-S and K sources. The accumulation of Cu, Zn, Fe, and Mn in
diagnostic leaves did not differ significantly among treatments, even
with substantial differences in soil micronutrient availability (Mn:
8-18 mg kg~ %; Fe: 5-17 mg kg™). This decoupling reflects strong
physiological regulation of micronutrient absorption in sugarcane,
enabling maintenance of stable tissue concentrations across wide-
ranging soil chemical conditions.

Plants have evolved highly specialized networks to optimize micro-
nutrient uptake, distribution, and allocation to metalloproteins, partic-
ularly for transition metals with narrow optimal concentration ranges
(Bouain et al., 2014; Saenchai et al., 2016). Multiple regulatory mech-
anisms operate simultaneously, including high-affinity transport sys-
tems, efflux transporters, intracellular chelation, and systemic signaling
coordinating uptake at the whole-plant level (Chaiwong et al., 2020).
For manganese specifically, despite potentially toxic soil levels
(15-18 mg kg~ 1) in control treatments, plant tissue Mn remained within
adequate ranges (264-446 g ha™1), as sugarcane—classified as Mn-to-
lerant—possesses effective regulatory mechanisms including apoplastic
barriers, vacuolar sequestration, and preferential allocation to older
leaves (Zambrosi et al., 2016).

The weak correlations between soil extractable micronutrients and
leaf accumulation (r = —0.26 to 0.22; Fig. 5) further support this
physiological buffering. Such decoupling has been extensively reported
for Fe and Zn homeostasis, where cross-talk between nutrient signaling
pathways maintains adequate tissue concentrations despite fluctuating
soil availability (Belgaroui et al., 2022).

Additionally, sugarcane's extensive root system likely buffered short-
term or surface-layer soil variations. Sugarcane roots extend beyond 2 m
depth, with active roots concentrated in the 0-60 cm layer (Cruz et al.,
2021), allowing access to residual nutrient pools beyond the 0-20 cm
sampling depth and dampening effects of surface-applied amendments.
High root plasticity enables preferential biomass allocation toward
nutrient-rich patches (Lak et al., 2020), while residual nutrient pools,
biological nitrogen fixation, and nutrient recycling from trash blankets
contribute to stable nutritional status under variable amendment re-
gimes (Igbal et al., 2025).

Together, these results suggest that under adequate baseline fertility,
Ca-Mg-S sources primarily enhance soil environment and reduce risks
associated with acidity and micronutrient imbalance, rather than
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directly increasing short-term yield or tissue nutrient concentrations.
This preventive, rather than corrective, role is particularly relevant for
long-term soil fertility management in perennial cropping systems.

Future research should evaluate whether the documented soil
chemical improvements translate to yield benefits under more limiting
fertility conditions, such as in ratoon cycles beyond the second year,
under water stress, or in soils with higher aluminum saturation. Long-
term experiments (>5 years) are needed to assess cumulative effects
of mining coproducts on soil fertility dynamics, ratoon longevity, and
economic returns relative to conventional lime applications.

4.4. Integration of soil and plant responses

The integrated analysis reveals clear decoupling between soil
chemical modification and short-term crop performance. Although
Ca-Mg-S sources promoted substantial changes in soil pH and Mn
availability, these improvements did not translate into proportional
differences in plant micronutrient accumulation or stalk yield. This
pattern was consistently supported by univariate, mixed-effects, and
multivariate approaches, indicating that soil chemical modifications
alleviated potential constraints without exceeding physiological
thresholds required to elicit measurable plant performance gains within
the study duration.

Principal component analysis reinforced this decoupling. Soil vari-
ables showed strong treatment separation along PC1 (42.9% of total
variance), driven primarily by pH and Fe-Mn availability gradients,
with Ca-Mg-S-amended treatments clearly displaced from control
treatments. In contrast, plant tissue variables exhibited substantial
overlap among treatments and crop cycles in their respective PCA space,
despite PC1 capturing 59.5% of plant variance — a high proportion
reflecting dominant co-variation among yield and micronutrient accu-
mulation rather than treatment discrimination. This contrasting multi-
variate structure — where soil attributes responded sensitively to
Ca-Mg-S sources while plant responses remained stable — is consistent
with observations in other soil quality assessment studies using PCA to
differentiate management effects (Abdel-Fattah et al., 2021; Emami
et al., 2024), and aligns with long-term fertility experiments in which
soil chemical indicators discriminated among treatments more effec-
tively than plant-based metrics under non-limiting baseline fertility
(Kazmierczak et al., 2020; Marinari et al., 2006).

Correlation analyses further support this interpretation. Strong as-
sociations existed among soil variables (pH vs. Fe: r = —0.65; pH vs. Mn:
r = —0.50), but weak correlations connected soil chemistry to plant
responses (soil Mn vs. plant Mn: r = —0.07; soil Fe vs. plant Fe:
r = —0.26). This contrasts with expectations under nutrient-limiting
conditions where soil-plant correlations typically strengthen (Chen
et al., 2025; Fuentes et al., 2009). The pronounced soil Mn reduction
under rhythmite treatments, while agronomically relevant for toxicity
prevention, did not affect plant Mn accumulation, underscoring the
importance of interpreting soil indicators within the context of physio-
logical regulation rather than as direct predictors of plant status (Huang
et al., 2016; Silva et al., 2024; Zambrosi et al., 2016).

The stability of Fe and Zn in plant tissues despite significant soil
variations reflects buffering by soil mineral phases, micronutrient
mobility constraints, and root-mediated uptake regulation. In sugarcane
systems with deep root architecture and prolonged growth cycles,
nutrient acquisition integrates conditions across depth and time,
dampening localized or short-term soil chemical changes (Cruz et al.,
2021; Lak et al., 2020).

Collectively, these results indicate that Ca—Mg-S sources primarily
enhance soil chemical resilience and stability rather than drive imme-
diate yield gains. From a management perspective, this reinforces the
value of mining coproducts as preventive, sustainability-oriented stra-
tegies that maintain favorable soil conditions and reduce micronutrient
imbalance risks over successive sugarcane cycles (Manning, 2018;
Manning and Theodoro, 2020; Skov et al., 2024). This preventive
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function aligns with soil quality frameworks emphasizing long-term
maintenance of soil functions rather than short-term productivity
maximization (Emami et al., 2024; Hannam et al., 2025; Richardson,
2024). However, the lack of yield responses suggests these improve-
ments operated within non-limiting ranges, consistent with observations
that soil fertility improvements do not always translate to immediate
productivity gains when baseline conditions are adequate (Omar-
a-Ojungu and Lukac, 2025).

4.5. Implications for soil fertility and management of sugarcane systems

These findings have direct implications for soil fertility management
in tropical sugarcane production, where acidic soils and heterogeneous
micronutrient availability constrain long-term productivity. The
consistent increases in soil pH and concomitant reductions in Mn
availability promoted by Ca-Mg-S amendments demonstrate their
effectiveness in alleviating key chemical constraints that compromise
soil functionality over time.

From a management perspective, the limited plant response em-
phasizes that the primary benefit of Ca-Mg-S amendments lies in sus-
taining favorable soil chemical conditions rather than generating
immediate productivity gains. This preventive function aligns with in-
tegrated soil fertility management (ISFM) principles, which emphasize
strategic combinations of mineral inputs and amendments to enhance
nutrient use efficiency and sustain soil productivity over time (Saliu and
Shehu, 2012). In perennial crops like sugarcane, where yield integrates
soil conditions across depth and time, amendments should be viewed as
strategic investments in system resilience aimed at preventing nutrient
imbalances and maintaining optimal rooting environments across suc-
cessive ratoon cycles (Borges et al., 2020; Cruz et al., 2021; de Campos
et al., 2022; Zambrosi et al., 2016).

The minimal influence of K source selection on soil and plant re-
sponses indicates that, under adequate K supply, Ca—-Mg-S material se-
lection is prioritized over K source choice. This suggests that fertilizer
strategies should prioritize acidity correction and Mn regulation while
integrating K fertilization within broader, site-specific nutrient man-
agement frameworks (Huang et al., 2016; Silva et al., 2024). This
approach is consistent with precision agriculture applications in sugar-
cane, where variable-rate lime and nutrient applications improve soil
fertility distribution while maintaining stable yields and delivering
economic benefits through reduced input costs (Pierpaoli et al., 2013;
Srbinovska et al., 2015).

The valorization of mining coproducts as soil amendments supports
circular economy principles, reducing reliance on conventional lime-
stone quarrying while closing resource loops in agricultural systems
(Manning, 2018; Manning and Theodoro, 2020; Richardson, 2024).
Brazilian experience with soil remineralization demonstrates that leg-
islative frameworks can facilitate integration of mining residues into
agricultural nutrient management, with potential co-benefits for carbon
sequestration and reduced environmental footprint (Khan, 2025; Mar-
tins et al., 2015; Ramos et al., 2015).

Overall, the integrated soil-plant responses support adoption of
Ca-Mg-S mining coproducts as central components of sustainable soil
fertility management in sugarcane systems. By improving soil chemical
balance without inducing micronutrient deficiencies or compromising
productivity, these amendments contribute to long-term stability and
efficiency of sugarcane production under tropical conditions. Future
research should evaluate economic feasibility, environmental life-cycle
impacts, and long-term (>5 years) residual effects on soil fertility and
ratoon longevity at regional scales.

5. Conclusion
Limestone mining coproducts applied as Ca-Mg-S sources promoted

consistent and agronomically meaningful improvements in soil chemical
quality, particularly through pH increases of up to 1.5 units and
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reductions in extractable Mn of 40-60% across depths and crop cycles.
Carbonate-rich materials — especially rhythmite applied alone or
combined with limestone — achieved the greatest and most persistent
effects, reflecting the determinant role of mineralogical composition and
particle size in governing dissolution kinetics and soil chemical modi-
fication in tropical Arenosols.

Linear mixed-effects models confirmed that soil micronutrient dy-
namics were primarily structured by soil depth and crop cycle, with no
significant cycle x depth interactions. Leaf micronutrient accumulation
and stalk yield — ranging from 88 to 128 Mg ha ! across cycles —
remained stable regardless of treatment, reflecting strong physiological
buffering of nutrient uptake in sugarcane under heterogeneous soil
chemical conditions.

The absence of short-term yield response does not indicate amend-
ment inefficacy. Under moderate baseline fertility, these materials oper-
ated preventively — maintaining pH within optimal ranges and
suppressing Mn availability before phytotoxic thresholds are reached —
rather than correctively. In perennial systems such as sugarcane, this
distinction is agronomically critical, as the value of acidity management
accumulates across successive ratoon cycles over time scales that exceed
typical experimental windows. Potassium source selection exerted no
consistent influence on any response variable, confirming that Ca-Mg-S
material choice is the dominant management lever under adequate K
supply.

Collectively, these findings support the adoption of limestone mining
coproducts as sustainable multinutrient amendments that improve soil
chemical balance and reduce acidity- and Mn-related risks without
compromising crop productivity, aligned with circular economy prin-
ciples through the valorization of mining-derived materials. Future
research should assess long-term cumulative effects (>5 years) on
ratoon longevity and soil carbon dynamics, and evaluate yield responses
under more limiting conditions such as higher aluminium saturation or
water deficit.
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Appendix

Table A1

Summary of soil fertility class shifts for pH and extractable Mn as affected by Ca—Mg-S source treatments, across soil depths (0-20 cm and 20-40 cm) and crop cycles (plant cane and ratoon cane), classified according to

Pauletti and Motta (2017).

Treatment Soil pH Extractable Mn (mg kg™?)
0-20 cm 20-40 cm 0-20 cm 20-40 cm
Plant cane Class Ratoon Class Plant cane Class Ratoon Class Plant cane Class Ratoon Class Plant cane Class Ratoon Class
value value value value value value value value
Control 4.95-5.07 Low 4.95-4.97 Low 5.03-5.17 Low 4.83-4.92  Low 15.22-18.32 Low- 18.48-18.88 Medium 11.75-16.40 Low- 13.25-15.25 Low
Medium Medium
Limestone 5.38-5.85 Medium- 5.62-5.80  High 5.47-5.62 Medium- 5.40-5.42 Medium 10.88-13.48  Low 12.68-12.78 Low 8.22-10.53 Low 10.52-10.75 Low
High High
Rhythmite 5.85-6.05 High 5.83-5.95 High 6.22-6.25 High 5.88-6.00  High 11.85-12.73  Low 13.62-13.97 Low 6.78-9.68 Low 8.07-8.90 Low
Limestone + Rhythmite 6.40-6.47 High 6.17-6.20  High 6.30-6.50 High 6.00-6.25  High 8.38-8.70 Low 13.15-14.12 Low 6.67-7.00 Low 8.05-9.15 Low
Limestone + Gypsum 5.42-5.88 Medium- 5.55-5.58  Medium- 5.28-5.62 Medium- 5.38-5.45 Medium 12.18-12.75 Low 14.00-14.25 Low 7.75-9.10 Low 11.65-12.72 Low
High High High
Limestone + Fidagran  5.65-5.72 High 6.05-6.08  High 5.53-5.62 Medium- 5.78-6.03  High 9.95-10.70 Low 13.60-13.80 Low 7.52-9.97 Low 8.50-9.18 Low
High

1 Fertility classes according to Pauletti and Motta (2017): pH - Low (<5.2), Medium (5.2-5.6), High (>5.6); Mn - Low (<16), Medium (16.0-30.0 mg kg’l), High (>30.0 mg kg’l). Values represent the range observed

across subplot K sources (phonolite and clayey siltstone) within each main plot treatment.
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