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Dissolution of silicate minerals
and nutrient availability for
corn grown successively

Abstract — The objective of this work was to evaluate the nutrient availability
for corn (Zea mays) grown successively in pure and ground biotite schist and
biotite syenite rock samples. The rock powders were subjected to chemical,
physical, and mineralogical characterization, and the availability of the
elements released to the plants was determined. Plant and rock materials were
evaluated at the end of seven successive growth cycles. Biotite schist and
biotite syenite provided nutrients — as K, Ca, Mg, Fe, and Mn — to the corn
plants. The nutrients accumulated in plant tissues came mostly from minerals
containing oxidizable Fe and Mn in their structure, such as biotite, chlorite,
and clinopyroxene. The congruent dissolution of some of the fine particles
of these minerals, solubilize elements, which may, then, be available to the
plants.

Index terms: agromineral, biotite, bioweathering, congruent dissolution,
nutrient availability.

Dissolugao de minerais silicaticos e
disponibilidade de nutrientes para
milho cultivado sucessivamente

Resumo — O objetivo deste trabalho foi avaliar a disponibilidade de nutrientes
paramilho (Zea mays) cultivado sucessivamente em amostras das rochas puras
e moidas biotita xisto e biotita sienito. Os p6s das rochas foram submetidos
a caracterizagdo quimica, fisica e mineraldgica, ¢ a disponibilidade dos
elementos liberados para as plantas foi determinada. Os materiais de planta
e rocha foram avaliados no final de sete ciclos sucessivos de cultivo. A
biotita xisto e a biotita sienito forneceram nutrientes — como K, Ca, Mg, Fe
e Mn — para as plantas de milho. Os nutrientes acumulados no tecido das
plantas vieram de minerais contendo Fe e Mn oxidaveis em sua estrutura, tais
como biotita, chlorita e clinopiroxénio. A dissolu¢do congruente de algumas
particulas finas dos minerais, solubiliza elementos que podem, entdo, ser
disponibilizados para as plantas.

Termos para indexag¢ao: agromineral, biotita, biointemperismo, dissolucéo
congruente, disponibilidade de nutrientes.

Introduction

Although the weathering of silicate minerals is considered a
slow process, certain rock minerals might weather in a shorter time
than expected, especially when ground rocks interact with the plant
rhizosphere (Manning et al., 2017; Basak, 2019; Ciceri & Allanore,
2019). Several studies have been carried out to evaluate the ability of
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different silicate minerals to provide nutrients to plants
in the short-term, evidencing both the incongruent
(solids + dissolved products) and the congruent
(complete) dissolution of micas and of finer fractions
of minerals, respectively (Hinsinger et al., 1993; Li et
al., 2015; Manning et al., 2017; Ciceri et al., 2019).

Under plant-induced weathering, the dissolution
rates of minerals may vary depending on the minerals
it contains, grinding process, and plant species. The
role of the plant is related to its root activity, the
release of organic substances, and associated microbial
populations (Li et al., 2014; Bray et al., 2015; Burghelea
et al., 2015). Other factors also affect the dissolution
of minerals in natural conditions, among which stand
out: the area of exposure of the minerals; and chemical
reactions, especially acid-base, oxidation-reduction,
and adsorption-desorption-precipitation.  Element
absorption and release by different species of plants
and organisms, as well as chelates and temperature and
humidity, are also important in this dynamic process.

Faster dissolution rates are observed in minerals
characterized by: low concentrations of aluminum and
silicon in their structure; a high content of oxidizable
iron and manganese; and alkali and alkaline earth
cations, including potassium, calcium, and magnesium
(Li et al., 2014; Bray et al., 2015; Burghelea et al.,
2015). During the grinding process, it is possible
that particles undergo a selection process producing
materials with a composition different from that of the
original rock, highlighting a by-product — fine powder
— of gravel production, obtained by the breakage of
particles at its weakest cleavage plane, where easily
weathered minerals are undergoing a continuous
selection process.

The incongruent dissolution may lead to the
production of secondary or clay minerals — such
as illite or hydrous mica, vermiculite, chlorite, and
interstratified minerals — due to mineral alteration
through cation release (Naderizadeh et al., 2010;
Norouzi & Khademi, 2010). Although mostly
incongruent, the dissolution rate of the biotite minerals
found in rocks, as schists and syenites, is relatively fast,
which is indicative that these rocks can be a suitable
potassium source for plants (Burghelea et al., 2015; Li
et al., 2015; Manning et al., 2017).

The uptake of potassium from silicate minerals
varies depending on plant species. The reserves of
this element in the soil have been shown to be better
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exploited, in general, by monocotyledons, such as
gramineous species, which developed a very efficient
mechanism for iron mobilization during their evolution,
when compared with that of dicotyledons (Broadley et
al., 2012). In addition, for some plants, root-induced
release of the interlayer potassium occurred after only
a few weeks of growth (Hinsinger et al., 1992; Wang et
al., 2000; Norouzi & Khademi, 2010; Li et al., 2015).

Nowadays, the research have been focused on the
release of potassium from minerals. The potassium-rich
minerals present in silicate rocks — such as micas and
K-feldspars and their weathering products — provide a
significant amount of the potassium required by plants
for their growth (Zorb et al., 2014; Basak et al., 2018;
Ciceri et al., 2019). However, since several nutrients are
abundant in the structure or interlayer sites of minerals,
there is still a need to obtain more data on the release
of other macro- (calcium, magnesium, and silicon) and
micronutrients (manganese, boron, zinc, nickel, copper,
and iron) during the dissolution of different minerals.

To predict the availability of nutrients from rocks,
it is necessary to identify the present minerals,
particularly those that may be dissolved quickly in the
soil due to rhizosphere activity and that show adequate
amounts of nutrients for plant growth; for this, chemical
extractants have beenused (Lietal., 2014; Basak, 2019).
Other methods are still under development, especially
since, currently, no single extractant can be used to
determine nutrient availability and release rates as
rocks are heterogeneous. An interesting alternative is
to test the availability of nutrients from ground rocks,
such as biotite micas, through plant-based extraction,
which, when carried out successively, may indicate
dissolution patterns and nutrient availability over time.

The objective of this work was to evaluate the
nutrient availability for corn (Zea mays L. when
grown successively in pure and ground biotite schist
and biotite syenite rock samples.

Materials and Methods

The rocks used for the experiment were biotite
schist (BSC) and biotite syenite (BSY), collected
in two Brazilian states, respectively: Goids, from
residue piles in quarries (Navarro et al., 2013b); and
southeastern Bahia (Cruz et al., 2016). The cone-and-
quartering reduction method was used to homogenize
the air-dried samples. This procedure was repeated
several times to ensure the complete homogenization
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of the material, forming the bulk samples. Then, the
samples were wet sieved to obtain four size fractions:
<53, 53-300, 300-1,000, and > 1,000 pm (Table 1).

To analyze the main chemical elements of BSC
and BSY, the multi-acid solution method was used
to digest 500 mg of each sample in 10:15:10:5 mL
HCI:HNO;:HF:HC1O,. The minor elements in this
solution were analyzed through inductively coupled
plasma optical emission spectrometry (ICP-OES)
via the Avio 560 Max fully simultaneous ICP-OES
instrument, with a built-in high throughput system for
fast multilemental analyses (Perkin Elmer, Waltham,
MA, USA), which were carried out at a laboratory
of SGS Geosol Laboratorios Ltda. To determine the
major elements, 0.8 g of each sample was mixed with
4.5 g lithium tetraborate flux and fused in Pt-5% gold
crucibles, at 1,120°C, and then placed on fused glass
discs, with 40 mm in diameter, being analyzed in the
PW2400 wavelength dispersive X-ray fluorescence
spectrometer (Philips, Amsterdam, the Netherlands).
The loss on ignition was calculated after the samples
were, respectively, heated overnight at 105°C to remove
water and calcined at 1,000°C for approximately 2
hours.

The mineralogical composition of the BSC and
BSY fractions < 53 um was analyzed at the Mineral
Laboratory of Universidade Federal do Para by
X-ray diffraction using the Empyrean diffractometer
(Malvern Panalytical Ltd., Malvern, United Kingdom),
with the powder method in the range of 5° <26 < 75°.
CoKa radiation (40 kV; 40 mA) was applied, and
the 20 scanning speed was set at 0.02° s'.. Data were
obtained by the X’Pert Data Collector, version 4.0
software, and then treated on the X’Pert HighScore,
version 3.0, software (Malvern Panalytical Ltd.,
Malvern, United Kingdom). To identify the minerals,
the generated diffractogram was compared with the
database of International Center for Diffraction Data
(ICSD) (Gates-Rector & Blanton, 2019).

The Rietveld refinement was performed using
the HighScore Plus, version 4.7, software (Malvern
Panalytical Ltd., Malvern, United Kingdom). For
quantitative determination of the mineralogical
composition in each size fraction of BSC and BSY
samples, the structural models (CIF files) for the
identified mineral phases were obtained from the ICSD
database. All phases of refinement include a scale
factor, background polynomial function, and unit cell
parameters. The W parameter of Caglioti’s equation is
refined only for the main phases, followed by V and U.
For chlorites and micas, which show a strong preferred
orientation, the (001) direction must be refined, and,
for feldspars, such as microcline and albite, the (100)
planes; atomic positions, however, were not refined in
the present study.

The availability of nutrients from the rock powders
for corn plants was evaluated using seeds from the
30F53VYHR hybrid (Pioneer, Corteva Agriscience
do Brasil LTDA, Guarulhos, SP, Brazil), planted in
500 mL pots containing the bulk samples of BSC or
BSY, in a split-plot design in time, under greenhouse
conditions. Seven sets of four pots were prepared to
allow seven successive cultivations (growth cycles)
with destructive samplings, i.e., the seven sets of pots
were reduced to only one set from the first to the seventh
cycle. In every set, three (replicates) pots were kept
with two corn plants and one without any, as a control
treatment. Each pot was watered with deionized water
every 1-2 days and fertilized with a nutrient solution
containing 92.76 mg NH,H,PO, on the fifteenth and
thirtieth day of each successive growth cycle.

The corn plants were grown for 45 days after
emergence for an intensive interaction between
plants and the rock samples. At the end of each cycle,
whole plants from all pots were harvested. After the
roots were thoroughly rinsed with distilled water,
the harvested plants were oven dried, at 65°C, for 72
hours to obtain dry biomass (roots + shoots). Major-

Table 1. Particle size distribution of the crushed rock powders used in the experiment.

Sample Particle size distribution (um) Total
<53 53-300 300-1,000 >1,000-2,000 (g per pot)

Biotite schist 21.1 17.4 59.1 546.82

Biotite syenite 11.9 23.2 29.6 353 681.02
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(K, Ca, Mg, and Al) and minor elements (B, Cu, Fe,
Mn, and Zn) were extracted by HNO;:HCIO, in a
digestion block (Teixeira et al., 2017) and identified by
ICP-OES. Moreover, for laboratory analyses, the rock
content from one set of four pots was removed from
the greenhouse after each one of the seven successive
cycles. The remaining sets were re-sown for a new
growth cycle.

The offtake of elements throughout the cycles was
modeled using equations selected by the analysis of
variance and then tested for normality (Shapiro-Wilk)
and constant variance (homoscedasticity). The offtake
of Fe and Al, extracted by plants from BSC and BSY,
was correlated to the normalization of both elements
by the sum of K, Ca, and Mg. All statistical analyses
were performed using the Sigma Plot, version 12.0,
software (Systat Software, Inc., San Jose, CA, USA).

The minerals within the rock samples were identified
through electron probe microanalyses carried out in
the Geosciences Institute of Universidade de Brasilia
using the JXA-8230 superprobe (JEOL, Akishima,
Tokyo, Japan), coupled with five spectrometers and
one energy dispersive detector (EDS), operating with
10 nA of current and 15 kV. The acquisition time was
10 s at the peak and 5 s at the background, with a beam
diameter of 1.0 pm. The instrument was calibrated
using natural and synthetic primary standards, and
the resulting data were processed to calculate the
structural formulas of the mineral phases. For the
analyses of biotite, a total of 25 crystals of the mineral
were used — 11 from BSC and 14 from BSY.

The  samples were  also  characterized
morphologically at Embrapa Agroenergia by scanning
electron microscopy (SEM), using the SIGMA HV
Zeiss field emission microscope with the InLens
detector (Carl Zeiss Microscopy GmbH, Jena,
Germany). A 10 nm thin conductive layer of gold
was deposited over the samples using the Q150T-ES
pumped coater for sputtering of oxidizing minerals
(Quorum Technologies, Laughton, East Sussex, United
Kingdom). Then, the chemical composition of the
selected mineral particles was evaluated by energy-
dispersive X-ray spectroscopy.

Results and Discussion

The chemical and mineralogical composition of
the bulk samples and particle size fractions showed
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that the biotite mineral was present in both BSC and
BSY (Figure 1 and Tables 2 and 3). Biotite has a
significantly high Si and Al content and is the main
active mineral prone to release nutrients, such as
K, during the weathering of the two studied rocks
(Table 3 and Figure 2). Since biotite is a subgroup of
the mica group and forms a solid solution series with
the annite [K Fe; AlSi;O,y (OH),] and phlogopite
[K Mg; AlSi;0,0 (OH),] end members of Fe and Mg,
respectively, variations in the concentrations of these
elements in natural biotite and the substitution of
several others in the octahedral and tetrahedral silicate
sheets may lead to differences in weathering rates
(Madaras et al., 2013; Li et al., 2015; Basak, 2019).
Essington (2015) highlighted that Fe(II) oxidation is
one of the main factors in primary mineral weathering.
The biotite from the BSC and BSY samples was
classified as, respectively: annite, siderophyllite, and
phlogopite, being chemically composed by Ky 517 Baggos
(Mg;.108 Fe1 157 Alg s Tig0ss) (Sia.s45 Al iss Opr) (OHy 97 Foon
Cloo1) (Navarro et al., 2013a); and only annite, a Fe-
biotite usually composed by Ko gos Bagoz Nagoen (Feiss
Mgy 755 Tioies Alooss Mngor) (Sinoss Aligze On) (OHj 040
Foos4s Clogos) (Tischendorf et al., 2007). It should be
noted that the stability of biotite decreases with an
increasing Fe content, as the oxidation of structural Fe
destabilizes the mineral (Malmstrom et al., 1995).
Both rock bulk samples also contained other
minerals of interest. In BSC, the following three

1,500 A Bt
M Ch Qz
1,000 5
Ch Ch
Ch Pl
é - M Qz py Pl Ch
=]
1,500 B Bt
1,000+
Or
5001 Bt
Mc Mec Or [PIP1 CpxCpx Cpx
0 ‘ ‘ ‘
10 20 30 40

Position [°2Theta]

Figure 1. X-ray diffraction patterns of <53 mm size particles
of original samples of biotite schist and biotite syenite,
evidencing, respectively: A, quartz (Qz), albite (P1), biotite
(Bt), muscovite (M), and chlorite (Ch); and B, orthoclase
(Or), microcline (Mc), biotite (Bt), and clinopyroxene (Cpx).
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stood out: albite [Na(Si;Al)Os], a plagioclase feldspar;
chlorite, with the general chemical composition
(A,B)4.(S1,Al),0,0(OH,0O)s, where A and B represent
ions that may include Fe*, Fe**, Mg?", Mn?", Ni**, Zn**,
AP, Li, or Ti*'; and muscovite, another K-bearing
mineral composed by [KAI(AISi;O,) (OH,ECl),].
Although all three are 2:1 phyllosilicate minerals,
biotite and muscovite present interlayers with K
cations, whereas chlorite has a Mg-rich and brucite/
gibbsite-like hydroxyinterlayer. The composition of the
different interlayers is important since the expansion
of the distance between them — due to the exchange

of nonhydrated K* by hydrated ions or the formation
of hydroxypolymer interlayers — represents the start
of the plant-induced transformation of biotite during
weathering (Malmstrom et al., 1995). According to
those authors, the amount and oxidation of Fe(II)
significantly affect the susceptibility of chlorite to
weathering, as also observed for biotite, whereas
muscovite shows a greater resistance to alterations due
to its high Al content. These results are indicative that
Fe oxidation is one of the main components responsible
for plant-induced mineral weathering.

Table 2. Chemical composition of the biotite schist and biotite syenite powders (bulk sample and fractions) determined
by X-ray fluorescence spectrometry and inductively coupled plasma optical emission spectrometry at a laboratory of SGS

Geosol — Laboratdrios Ltda.(.

Fraction Si0, ALO; Fe,O; CaO MgO TiO, P,0s Na,O K, 0O MnO BaO Cr,0; Cu Mo Zn  LOID
(nm) e (mg kg')——
Biotite schist
<53 59.6  16.1 806 231 384 1.08 029 257 261 006 006 0.02 104 <3 104 2.18
53-300 59.7 190 774 087 368 057 0.15 1.84 414 005 0.11 0.02 35 <3 35 2.72
300-1,000 67.1 144 649 131 238 094 0.13 223 238 011 005 0.01 73 <3 73 1.59
>1,000 66.4 151 7.22 1.54 255 083 017 221 253 0.16 0.06 0.0l 53 <3 53 1.5
Bulk sample® 62.6 168 7.8 1.44 32 0.86 0.2 193 3.19 0.12 0.07 0.02 49 <3 49 2.17
Biotite syenite
<53 534 146 105 338 216 231 061 149 936 017 058 0.01 88 <3 88 1.28
53-300 537 149 11.1 269 214 232 038 1.19 1070 0.14 058 0.01 46 <3 46 0.37
300-1,000 573  16.1 8.51 1.63 1.72 129 0.19 115 1190 0.11 0.58 <0.01 35 <3 35 0.36
>1,000 57.6  16.0 741 1.89 154 126 024 138 11.80 0.11 0.6 <001 32 <3 32 0.29
Bulk sample® 559 160 816 200 170 149 024 1.19 1130 0.11 0.57 <0.01 31 <3 31 0.49

(MLoss on ignition. @Original sample.

Table 3. Mineralogical composition of the biotite schist and biotite syenite rock powders (bulk samples and fractions) used
in the experiment.

Sample Fraction (um) Quartz Albite Biotite Muscovite Chlorite Clinopyroxene
<53 30.8 27.5 9.3 18.6 11.7 2.0
53-300 33.4 222 10.3 22.5 10.5 1.1
Biotite schist 300-1,000 38.7 20.7 7.5 17.0 14.4 1.6
>1,000 36.0 24.9 9.2 15.4 13.2 1.3
Bulk sample® 35.7 22.1 11.2 17.9 11.3 1.7
K-feldspar® Albite Biotite Amphibole Clinopyroxene
<53 60.3 13.9 10.7 1.9 13.2
53-300 52.5 11.0 22.5 4.4 9.4
Biotite syenite 300-1,000 55.2 13.7 15.5 5.0 10.7
>1,000 64.8 15.7 10.1 2.4 7.0
Bulk sample® 58.1 9.3 15.4 3.6 13.5

(MOriginal sample. @Orthoclase and microcline.

Pesq. agropec. bras., Brasilia, v.57, ¢01467, 2022
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In BSY, the orthoclase and microcline alkaline
K-feldspar minerals were the most abundant, with the
general chemical formula KAISi;O;. Other identified
minerals of interest were albite and clinopyroxene; the
latter is a mafic silicate of a subgroup of the pyroxenes,
with the general chemical formula ABSi,O4, where
A=Ca?, Na', and Li"; and B=Mg?*, Fe**, Fe**, and AI*".
Amphibole, which may contribute to plant growth, was
also found in small concentrations, with the general
formula Ay,B,CsTg0,, (OH,F),, where A = Na', K;

B = Ca?, Na", Mg*, Fe?" and also Mn?', Li*; C = Mg?*',
Fe?*, AI¥Y, Fe*" and also Mn?', Zn*", Cr*', Li", or Ti*';
and T = Si, Al. Although biotite content was similar
in both bulk samples (Table 3), BSY showed 3.5 times
more total K,O than BSC (Table 2), probably because
52.5-64.8% of the rock is composed by K-feldspar, a
mineral with a high structural stability, and also by
albite, whose structure may include the substitution
of Na by K. However, the total content of K may not
reflect its availability for plant uptake in the short-term

Biotite schist

Biotite Syenite

Figure 2. Images obtained by energy-dispersive X-ray spectroscopy (EDS) of the biotite schist and biotite syenite compounds
close to the corn (Zea mays) root after the seventh growth cycle, showing the secondary electrons of: A, the biotite schist
sample, evidencing light-colored quartz (Qz), biotite (Bt), and chlorite (Ch); and B, the biotite syenite sample, evidencing
orthoclase (Or), biotite (Bt), and clinopyroxene (Cpx). Si, silicon; Al, aluminum; Fe, iron; K, potassium; Mg, magnesium;

and Ca, calcium.

Pesq. agropec. bras., Brasilia, v.57, ¢01467, 2022
DOI: 10.1590/S1678-3921.pab2022 v57.01467
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since a great amount of the element is locked in the
muscovite structure of BSY.

Of the bulk samples, BSC improved corn plant
growth, increasing the accumulated biomass in 15.3%
(Figure 3). However, for both BSC and BSY, dry
matter production was higher in the first growth cycle,
accounting, respectively, for 23.9 and 20.7% of the total
accumulated throughout the seven cycles, decreasing
in each successive cycle.

BSC= 6.12%%— 1.97%* In(cycle ), R? = 0.95
BSY=4.92%*_ 0.44%*(cycle), R* = 0.80

After each cycle, a linear decrease in the pH was
observed in the rock substrates, which is partially
attributedtotheincreaseintheweatheringrateinducedby
the corn plants (pHpsc=7.49%* - 0.22%*(cycle), R2=0.91;
pHgsy = 7.93** - 0.36** (cycle), R? = 0.88). The main
reasons for the decrease in pH were the removal of
bases (especially Ca, Mg, and K) by the plants, the
acidification caused by the applied rates of ammonium
phosphate, the decomposition of the remaining roots,

BSC = 0.15%* - 0.04** In(cycle ), R2=0.91
BSY = 0.09%* - 0.007%( cycle ), R>=0.73

T30 08
o
g =
a 25 g,
\3)9 5 06
é 20 ;‘;
Z 15 % 04
5 E
z 10 =
E 3 02
E 5 é
5
< 0 0.0
= wk_ * 2
016 BSC=0.024** - 0.011* In(cycle ), R*=0.70 o BSC=10.019 0.0096* In(cycle ), R?=0.73
. = * - Hk 2
= BSY=0.15%( -0.93%* cycle ), R*=0.90 . BSY=0.07*¢( -1.12** cycle ), R*=0.92
= =
2 0.05
2 012 o
=) Q
E E‘; 0.04
g 0.08 < 003
: 3
= 3
E = 002
3 0.04 £
< 8 ool
<
0.00 0.00
BSY=0.11** - 0.004** In(cycle ), R*=0.87 BSC=0.016** - 0.0074* In(cycle ), R2=0.70
0.05 BSC= no relation with crop cycle 0.06 BSY=0.012** - 0.0055* In(cycle ), R*=0.75
= 5]
2 0.04 g 005
5 a
g 5004
20 0.03 >
3 = 0.03
o =
$ 0.02 2
= £ 002
g £
£ 001 g o001
< <
0.00 0.00
Biotite schist Biotite syenite Biotite schist Biotite syenite
Harvest
m 1St mond 31 mgth sth o cth g 5th

Figure 3. Dry mass and elements accumulated by corn (Zea mays) cultivated in biotite schist (BSC) and biotite syenite
(BSY) powders after seven plant growth cycles. Bars in the center of the columns represent the standard error.

Pesq. agropec. bras., Brasilia, v.57, €01467, 2022
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the substances released by the roots, the interaction
between microorganisms, and the dissolution of
atmospheric CO; into the pot solution (Li et al., 2017).
Contrarily, the pH of the control samples did not
change significantly, with a standard deviation of 8.02,
0.25 for BSC and of 7.85, 0.25 for BSY throughout the
seven evaluated cycles.

In BSC and BSY, the concentrations of K in the dry
mass of the corn plants ranged from 18.4 to 36 g kg
and from 13.9 to 26.5 g kg, respectively. The offtake
of the element by the plants was higher in the first
cycle and lower in the last one, decreasing from 21.7 to
10.4% and from 18.9 to 8.5%, respectively, in BSC and
BSY, corresponding to 0.15 and 0.07 g K per pot and to
0.08 and 0.03 g K per pot (Figure 3).

In both BSY and BSC, the content of Fe,O; increased
in the smaller-sized fractions due to a sort of segregation
during fractionation (Table 2), which is related to an
increase in biotite in the < 300 mm fractions as a
result of preferential segregation during the milling
process. According to Harley & Gilkes (2000), Bray
et al. (2015), and Basak (2019), the reactivity of BSC is
higher in finer fractions, especially in those <53 um.
Murakami et al. (2004) added that a higher structural
concentration of Fe(Il) and also of Mg accelerates the
alteration and release of K from biotite, facilitating
the formation of secondary minerals, as hydrobiotite
and vermiculite, at least in an early stage. However,
considering that vermiculite dissolves at a much slower
rate than biotite, the dissolution rate of Mg-rich biotite
(such as that found in BSC) is slower than that of Fe-
rich biotite (as that in BSY). When the biotite has a
high concentration of Fe, after the element is released
into the solution, it is precipitated on particle surfaces,
decreasing biotite weathering and K-release rates.

The content of Fe and Al accumulated in plants
was higher in the first cycle (Figure 3), suggesting
an initial and congruent dissolution of the fine and
low crystallinity minerals, leading to the release of
their elements into the solution. However, there was
a reduction in the easily weatherable mineral surfaces
since the offtake of Fe and Al from BSC and BSY by
the corn plants decreased throughout the cycles. Data
of the offtake of Fe and Al was normalized by the sum
of K, Ca, and Mg, in order to observe how the latter
elements influence the uptake rate of the former by the
plants (Figure 4). The Fe content in BSY, as shown by
the steep curve in the created graphs, was higher than
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that in BSC over the cycles as affected by the sum of K,
Ca, and Mg. However, Fe and Al offtake was positively
correlated in both rocks by Pearson’s correlation
(tsc = 0.99 and rpgy = 0.99; p<0.05), showing a similar
trend. This strong correlation is indicative that the
origin of Al offtake was a same mineral or group of
minerals containing oxidizable Fe, i.e., biotite and
chlorite in BSC and biotite and clinopyroxene, to a
larger and lower extent, respectively, in BSY.

In BSY, clinopyroxene presents Fe and Mg, as well
as a high and low content of Ca and Al, respectively,
according to the analysis in the EDS (Figure 2). Since
this mineral may be easily weathered depending on
milling size and environmental conditions, it may
become a source of Fe, Ca, and Mg for crops after
applied to agricultural soils.

In BSC and BSY, Ca concentration in the dry mass of
corn ranged, respectively, from 2.69 to 0.01 g kg! and
from 2.8 to 1.4 g kg! throughout the cycles (Figure 3).
This difference may be attributed to the fact that BSY
presents a Ca-rich clinopyroxene, as shown by the EDS
(Figure 2). Therefore, in BSC, the concentration of Ca
was very low and the offtake data of this element by
plants was a dispersion, showing no relationship with
the growth cycle (Figure 3).

Contrastingly, in BSC, Mg content was higher,
mainly in biotite and chlorite, as evidenced in the EDS
images (Figure 2). In BSY, although the weathering of
biotite and clinopyroxene also resulted in a significant
amount of Mg, the availability of this element for corn
plants decreased over the cycles as the finer particles
dissolved, presenting a congruent and linear dissolution
(Schott et al., 1981), which reflected in the decrease of
Mg offtake in the plant tissue (Figure 3). The congruent
dissolution of the fine particles on the surface of this
mineral was confirmed by the SEM images (Figure 5),
as also reported previously by Manning et al. (2017)
and Basak (2019). The non-weathered and original
biotite samples from BSC and BSY were covered with
fine particles, which were reduced significantly after
the seven evaluated crop cycles.

In BSC and BSY, Mg concentration in the dry mass
of the corn plants ranged from 5.6 to 0.7 and from 5.2
to 0.9 g kg, respectively. This result is indicative that
the powders of both rocks may be considered a source
of this nutrient to the plants, which is essential in
natural soils that show an overall Mg deficiency, such
as those in the Brazilian Cerrado region. The data for
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exchangeable Mg indicate that 89.8% of the samples
would be classified as containing low concentrations of
the element, considering the minimum recommended
value of <0.5 cmol, dm? (Lopes & Guilherme, 2016).

Several micronutrients from both rocks — such as
Mn, B, Cueseon, there was ain Mn, and Zn — were
mobilized by the corn plants (Figure 6). This is in
alignment with Burghelea et al. (2018), who pointed
out that most elements from minerals, predominantly
from those that are easily dissolved, are significantly
mobilized by plants and associated microbiota.

In BSC, the Mn concentrations in corn dry mass
were low, varying from 122.8 to 43.9 mg kg™ (Figure 6).
As observed for Fe, Mn also oxidizes either after

dissolved or within crystals, transforming the solid
state diffusion of electrons in electron acceptors
in the soil solution at the mineral surface (Gilkes &
McKenzie, 1988). Still according to these authors,
after oxidized, the element remains in the soil due to
its extremely low solubility of 102* mol kg at pH 7,
acting as a secondary oxide.

In contrast, in BSY, the concentrations of Mn in
plant dry mass were higher, ranging from 405.4 to 173.2
mg kg'. Despite these high amounts, no symptoms of
Mn toxicity were observed in the plants. In addition,
there was a decrease in Mn offtake from the first to the
last cycle (Figure 6).
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Figure 4. Offtake by corn (Zea mays) plants throughout seven growth cycles of: A and B, iron extracted from biotite schist
and biotite syenite, respectively, as affected by the Fe normalized by the sum of potassium, calcium, and magnesium; and C
and D, aluminum extracted from biotite schist and biotite syenite, respectively, as affected by the Al normalized by the sum

of K, Ca, and Mg. **Significant at 1% probability.
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Considering the other elements, plants showed
lower B levels in BSC, with an almost constant offtake,
ranging from 0.06 to 0.04 mg per pot throughout the
experiment (Figure 6). Moreover, Cu concentrations
decreased in corn dry mass from 26.1 to 7.0 and from
233 to 2.9 mg kg' in BSC and BSY, respectively,
according to the used equation. The concentrations of
Zn also decreased in the dry mass of the corn plants
from 40.7 to 8.1 mg kg' in BSC and from 54 to 11.4
mg kg in BSY, showing a decrease in Zn offtake from
the first to the last plant cycle. According to Broadley

EHT = 5.00 kV
WD = 6.9 mm

Signal A = InLens
Date :9 May 2018

et al. (2012), the requirement of this nutrient for an
optimal corn growth is 15-50 mg kg! Zn.

The obtained results are, therefore, indicative that the
availability of nutrients from BSC and BSY was related
to the oxidizable Fe content in the identified minerals —
i.e., biotite, chlorite, and clinopyroxene, which are also
rich in alkali and alkaline earth cations. However, the
nutrients were not totally released to the plants since
the dissolution of the rocks throughout the seven plant
growth cycles was incomplete. This led to a decrease
in the offtake of all elements by the plants, indicating
that most of the small and easily weatherable particles

EHT = 5.00 kV
WD = 5.3 mm

Signal A = InLens
Date :25 Apr 2018

2 i o

EHT = 5.00 kv Signal A = InLens 2pm
WD = 6.3 mm Date 11 May 2018 — D
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Figure 5. Images obtained by scanning electron microscopy of the biotite grains used in the corn (Zea mays) growth
experiments, showing biotite surface: A and B, before and after plant growth in biotite schist, respectively; and C and D,
before and after plant growth in biotite syenite, respectively.
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and of the exposed surfaces of the minerals were
congruently or incongruently dissolved. Consequently,
both crushed rocks, through the dissolution of selected
minerals, provided the plants with nutrients, whose
contents decreased with time of cultivation. Despite
this, the cultivated plants were still able to uptake
several elements from BSC and BSY, including macro-
and micronutrients essential for their growth.

It can be concluded, therefore, that corn plant
growth is impaired in a small volume (500 mL) of pure
and crushed rock due to the lower concentration and

BSC = 0.59%% 0.24**In(cycle), R? = 0.91
7.0 BSY = 1.27%% 0.10%(cycle), R*=0.71
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Accumulated Mn (mg per pot)
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BSY=0.055%% 0.02*#n (cycle), R?=0.91

04

0.3

0.2

) -
0

Biotite schist

Accumulated Cu (mg per pot)

Syenite

accumulation of released nutrients when compared
with adequately corrected and fertilized soils. This is
indicative that pure BSC and BSY rock powders are
not an ideal substrate for plant growth. An alternative
is mixing these rocks with soil for a more effective
dissolution of the rock particles, which is expected to
occur as soils are more biologically active and friable.
This shows the importance of future studies on plant
growth in substrates consisting of a mixture of rocks
and soils.
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Figure 6. Offtake of accumulated micronutrients by corn (Zea mays) plants cultivated in biotite schist (BSC) and biotite
syenite rock (BSY) powders after seven growth cycles. Bars in the center of the columns represent the standard error.
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Conclusions

1. Pure and ground biotite schist and biotite syenite
rock samples are sources of macro- and micronutrients
for corn (Zea mays) plants.

2. Biotite schist releases more nutrients to plants
grown in pure and ground rocks than biotite syenite.

3. The nutrient release rate from the mineral biotite
relies on the content of magnesium and iron in the
octahedral site.
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