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ABSTRACT: Remineralizers are comminuted rocks that are applied to soil, and their use as an agricultural amendment was
regulated in Brazil in 2013. However, mechanisms of action of these materials must be better known to enable them to be best
used in agricultural fields. Soil chemical attributes of an Oxisol were monitored after the application of a diabase remineralizer.
The increase in exchangeable Na observed was associated with the dissolution of the border of the plagioclase crystals where
this element is highly concentrated (albite). Therefore, it was inferred that the time since the application of the remineralizer (1
to 2 years depending on the treatment) was not sufficient to exhaust this crystal volume. Unfortunately, the presence of several
sources of Ca-containing minerals in the remineralizer did not allow to infer if the calcic nuclei was dissolving. An increase in
effective cation exchange capacity was observed without the concurrent increase in the pH of the soil. The two non-exclusive
hypotheses proposed to explain this result were that an extra surface charge has originated on the surface of the newly precipitated
oxidic phases and/or from the dissolution of the remineralizer grains. Rapid precipitation of amorphous solids (as measured by
the increase in Al and Fe ) would also explain the lack of increase in exchangeable Fe and Al despite the large amount of AL,0,
(11.90%) and Fe,O, (14.45%) in the remineralizer.

Key words: rock powder, mineral dissolution, cation exchange capacity.

Atributos quimicos de um Latossolo remineralizado

RESUMO: O uso de remineralizadores como insumo agricola foi regularizado em 2013, mas seus mecanismos de a¢do precisam
ser melhor conhecidos para viabilizar o manejo nos campos agricolas. Atributos quimicos de um Latossolo foram monitorados
apos remineraliza¢do com diabasio. O aumento de Na trocavel foi atribuido a dissolugdo das bordas dos plagioclasios (albita)
onde a concentra¢do deste elemento é maior. Infelizmente, ndo é possivel especular se o tempo decorrido desde a aplica¢do
(um a dois anos, dependendo do tratamento) foi suficiente para solubilizar o niicleo cdlcico (anortita) destes cristais, ja que o
remineralizador possui outros minerais fonte de Ca. Houve aumento da capacidade de troca cationica efetiva sem aumento do
pH. As hipoteses propostas para explicar este fendmeno sdo a precipitacdo de fases oxidicas amorfas e o aparecimento de cargas
elétricas na superficie dos graos do remineralizador durante sua dissolug¢do. Apesar da concentragdo de Al,0, do remineralizador
(11,90%) e Fe,0, (14,45%), ndo houve aumento destes elementos no complexo de troca, possivelmente por sua rapida precipitagdo
em formas amorfas (Al e Fe no solo).

Palavras-chave: po de rocha, dissolug¢ao de minerais, capacidade de troca cationica.

INTRODUCTION has become a geological force on the planet
(ZALASIEWICZ, 2008), concern about the

Remineralizers (RMs) are powdered exhaustion of natural (including mineral)

rocks that are applied to soil to improve crop resources has been raised worldwide (CORDELL
performance (STRAATEN, 2006). As humankind et al., 2009; HENGEVELD, 2012; MANNING,
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2015; CHRISTMANN, 2017). Therefore, RMs
were included in Brazil’s National Mineral Plan to
2030 (BRASIL, 2010), and laws were established
to allow them to be registered with the Ministry
of Agriculture as a soil amendment (DOU,
2013). Therefore, the processes and mechanisms
by which rocks dissolve into the soil must be
understood to properly incorporate RMs into soil
and crop management.

Impact of RMs in soils is highly
dependent on their chemical composition and rate
of dissolution. Determining the rate of dissolution
of minerals is a scientific challenge per se
(MADDOX, 1988; GAUTIER etal., 2001), because
of the slow release of elements, the incongruent
and nonlinear dissolution of silicates, and the
strong dependence of dissolution rates on the
nanotopography of mineral surfaces (HODSON,
2006). Considering that RMs are usually rocks
with a complex arrangement of minerals, the
integration of all these variables into a mechanistic
model for their dissolution into soil remains
to be done. Lab simulations have significantly
increased the knowledge about this issue, but the
differences between the dissolution rates measured
in laboratory and in the fields remain as high as two
orders of magnitude (e.g., WHITE & BRANTLEY,
2003; PARRY et al., 2015).

Therefore, the objective of this paper was
to contribute to this field of study by measuring the
chemical changes in a remineralized soil and infer
the relationship between the mineralogical and
chemical composition of an RM and the changes
in soil chemistry.

MATERIALS AND METHODS

The RM was collected from a mining
pit excavated in a sill (22°36°31.2” S; 47°21°45.7”
W), whose magmatic differentiation was studied
by FARIA (2008). The sill encompasses a wide
range of petrochemical types, from monzodiorite
to a diabase/basalt, so the mineral chemistry
of the remineralizer varies according to the pit
sector being mined. In such cases, a thorough
characterization of RM load used in the experiment
is crucial. The RM analyses presented here were
performed on a sample obtained by quartering the
load delivered to the experimental field (5Mg).
The total chemical composition of the sample
was determined by fusion with LiBO,/Li,B,O, at
1000°C, cooled to a solid disk and further dissolved
in a HNO, + HCI solution, in which the elements

were determined by ICP-AES; this sample was run
in a batch with 32 others. Batch standard deviation
varied from O to 0.18, and the deviation from the
internal standard (JB-1) ranged from -0.03 to 0.12.
Particle size distribution was determined according
to EMBRAPA (2011) by dispersing the sample
with NaOH and wet sieving. The XRD patterns
were obtained with a Rigaku Miniflex II benchtop
diffractometer using CuKalpha radiation and a
graphite monochromator.

The experiment was conducted in an
Anionic Acrudox (SOIL SURVEY STAFF. 1999)
(21°58°52,3”S; 47°22°443”W). Climate in the
area is Cwa (KOPPEN, 1948) with rainy summers
(average precipitation in January of 247.2mm),
dry winters (average precipitation in July of
26.9mm) and an average annual precipitation
of 1410mm. The severe dry spell in 2014 was
considered the worst in the region in the last 100
years (the total precipitation in 2014 was 1043mm)
(Meteorological Station, Universidade de Sao
Paulo campus at Pirassununga-SP).

The experiment began in 2013. Because
there is no established method to calculate the RM
dose, it was applied at the same rate as lime (4Mg ha
1. Despite the initial high soil values of exchangeable
K (RAIJetal., 2001), we decided to include a K-KCI
treatment to compare the K partitioning in the soil
as a function of the source, and in case the original
amount of K was depleted by plant absorption and
soil leaching during the experiment, the difference
between the two sources (K-KCl and K-RM) would
indicate the exchangeable K buffering capability of
each source.

In 2014, the experiment was converted
to monitor the mineralogical transformations
of the RM in soil, so a higher concentration of
the RM was needed to achieve the minimum
concentration necessary to yield a suitable
signal/noise ratio in an X-ray diffractometer
(MOORE & REYNOLDS, 1999), which is
approximately 5% volume basis. Therefore,
15Mg ha! RM was applied on the surface of
half of the replicates of the previous 4Mg ha’!
treatment. Consequently, six replications of four
treatments were established in 2014 (Table 1):
a control (T0); K-KCI (T1); the residual of the
4Mg ha'! treatment from the previous year, 2013
(T2); and T2 plus the 15Mg ha! in 2014. The
experimental units were 12x20-m plots, to which
the RM was applied by hand at the soil surface
without further mixing, and the soil was sampled
at the depth of 0-0.05m in the central portion of
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Chemical attributes of a remineralized Oxisol. 3

Table 1 - Experimental treatments

Treatment Description” Applied in November, 2012
TO Control 0
T1 KCl 0
T2 RM 4
T3 RM 4

All materials applied onto the soil surface without mixing.

plots in line with the plants. This paper presents
the monthly monitoring results of soil chemical
fertility indexes over 392 days, from December
2013 to December 2014. The experiment was
managed according to the no-till scheme used
in the entire commercial farm, cropping maize
(summer) and black oat (winter).

Soil samples were air dried, crushed and
sieved (2mm), the pH (CaCl, 0.01mol L) and
the concentrations of exchangeable Ca, Mg, Na,
Al, K, H + Al and Fe were determined (RAIJ et
al., 2001). The effective CEC was measured by
the compulsive method (CTCef C) (GILLMAN,
1979), by which the exchange complex is
saturated with Ba using a BaCl, solution, thus
causing a small change in the ionic strength of the
soil solution (FONSECA et al., 2005).

The less crystalline forms of Fe and
Al (Fe, Al) were selectively extracted using
0,2mol L' ammonium oxalate at pH 3 in the dark
(SCHWERTMANN, 1964). The pedogenic forms
of Fe and Al (Fe, and Al)) were extracted by four
successive extractions with dithionite-citrate-
bicarbonate at 80°C (MEHRA & JACKSON, 1960).
For each monitoring event, the differences in Fe
and Al (X)) between the treatments and the control
(TO) were calculated (Equation 1):

XT=Y,-Y,, (Eq. 1)
Where Y is Fe or Al , and T is T3, T2 or T1.

A Row-Column design was used to
control the spatial variability and the treatments were
evaluated over time. Since there was no variance
homogeneity for several variables, a mixed model
was adjusted, accounting for variance fluctuation at
the different time intervals. Statistical analyses were

Applied in December, 2013 Applied in February, 2014

Mg ha'l kg ha’!
0 0
0 135
0 0
15 0

performed using R software, except for the Tukey
test of means, which was done with SAS software.
Principal component analysis (PCA) was done with
XL STAT software, considering the exchangeable
bases, pH, Si, Fe , AlovFe N and Al,.

RESULTS AND DISCUSSION

The particle size distribution of the
RM was 2.7% gravel, 80.3% sand, 15.5% silt and
1.5% clay. The excess of fine particles makes this
material unsuitable for use in concrete and asphalt
industries, so it is a co-product with no definite
market niche.

The total chemical composition of the
RM was 52.10% SiO,, 14.45% Fe,O,, 11.90% Al O,,
6.94% CaO, 3.45% MgO, 3.06% Na,O, 1.59% K.O,
3.27% TiO, and 0.75% P,O,, so the RM was at the
limit between basic and intermediary magmatic rocks
(52% Si0,) (GILL, 2015). The RM mineralogy, as
shown by X-ray diffractometry, was dominated by
plagioclases and pyroxens with ilmenite, magnetite,
apatite and quartz as accessory minerals (Figure 1).
Therefore, we approximated the RM composition
to be a diabase. Composition of the plagioclases
ranged widely depending on the petrology of the
sill sector and also varied from the periphery to the
center of each crystal. The periphery of the crystals
was more sodic (An ) (FARIA, 2008).

As expected from the literature (GILL,
2015), plagioclase was the most abundant
(greatest peak in Figure 1) and among the most
soluble minerals in the RM (RAMOS et al., 2015).
The study by FARIA (2008) demonstrated that the
crystal grains are richer in Na at their periphery

Ciéncia Rural, v.47, n.11, 2017.



4 Silva et al.

I rel.

696 -
850 PIQz
800
550 -]
500 Pl Pl Mag
450 |
400
350
200 |
250 PLOr Cpx
\ Ap/Mag
2001 ; Pl
Qz/Or / Im
150 \\ / N,
100 Or
W
T T T T T T T T
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00

Cu-Ka1 (1540562 A)

Figure 1 - X-ray diffraction pattern of the remineralizer. Qz: quartz; Ap: Apatite; Cpx: clinopyroxene; Pl: plagioclase; Or: orthoclase; Mag:

magnetite; [lm: ilmetite.
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and richer in Ca at the core, so the composition
of the borders is albite (the sodic plagioclase),
and the core is anorthite (the calcic plagioclase).
Because Ca and Na have different ionic radii,
some of the atomic planes into the feldspar
structure have different distances and thus created
separate peaks in the XRD diffractogram (Figure
1). Among the minerals in the RM, albite is
the only source of Na and is more soluble than
anorthite, so as the plagioclase crystals started to
solubilize in the soil, the exchangeable Na first
increased followed by Ca (Figure 2). The increase
was not sufficient to classify the soil as sodic
(SANTOS et al., 2013). Compared with TO and
T1, the difference in exchangeable Na in the T3
treatment was higher from day 42 on, except for
days 71, 253, 288 and 316, which suggested that
the peripheric volume of the plagioclase crystals
was being solubilized (Figure 2). The period in
which the difference was not significant was

probably related to the low precipitation and
leaching during the dry winter (day 253 was in
August, 288 in September and 316 in October).
Based on this reasoning, the Ca cores of the
plagioclases were not or only slightly solubilized
since the exchangeable Ca was only greater in T3
in April (day 128), May (day 161) and September
(day 288). However, it is not possible to know this
for sure because Ca ions have additional sources
in other minerals (e.g., apatite) compared to Na.
In the T2 treatment, the exchangeable Na was
only greater than T1 and TO on day 224 (July),
suggesting that, despite the smaller dose (4Mgha™)
and the longer duration (two years), some albite
is still being dissolved from the crystal borders.
The exchangeable Ca in the control (T0) remained
between approximately 20 and 40 mmolc dm™
throughout the experiment (except in March, day
101), while it reached almost 60 mmolc dm= in T3
in September (day 288).
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monitoring at days 71 and 101, but this effect was
due to the application of KCI in the days before
(Table 1) due to the regular management of the
farm. This result showed that K-KCI application
increased the exchangeable K during the following
two months. The short-term performance of the
RM as a source of K was expected to be low since
the amount of K-feldspars in the RM is small,
and they have lower solubility than the Na-Ca
feldspars (plagioclases) (BARRAL SILVA, 2005;
MANNING, 2010).

The pyroxens were the main source of Mg
and one of the sources of Fe. Pyroxens are a relatively
soluble group of minerals, but their concentration in
the RM was low (Figure 2). An additional source of
Fe was the primary iron oxides (ilmenite, magnetite,
Figure 1), which were present as accessory minerals
and thus also at low concentrations. However, the
dissolution of metal oxides is known to be generally
congruent as opposed to the usually incongruent

dissolution of silicates. Lack of an increase in
exchangeable Fe suggested that most of the Fe ions
in solution readily precipitated as amorphous iron
oxides, which was supported by the increase in Fe_
(Figure 3). This mechanism was expected because
of the very low solubility of the ferric ion (Fe™)
(LINDSAY, 1979).

The average soil pH during the experiment
was 5.5, and the range in pH variation was
approximately 2, that is, 5.53+2.03 in TO, 5.7142.08
in T1, 5.66+2.08 in T2 and 5.75+2.10 in T3. The
increase/decrease in pH was roughly parallel among
treatments (not shown). In each single monitoring
event, difference among treatments was not greater
than 0.7pH units. Weathering of silicates consumes
CO, and tends to increase the pH up to the dissociation
constant of the first H of silicic acid (H,SiO,), that
is, a pH of approximately 9 (McBRIDE, 1994), but
this effect seemed to be overruled by the buffering
capacity of the soil acidity.
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The CECef-C was greater in T2 from
day 101 to day 288, and the pH did not change
significantly relative to the other treatments.
The greatest increase was 9mmol_ kg' in T2,
compared to TO, at day 101 (Figure 4). Two non-
exclusive hypotheses are proposed to explain
these differences: i) an increase in CECef-C due
to the precipitation of amorphous phases and
i1) the development of CECef-C on the surface
of the RM grains during the weathering of
primary minerals. The observed precipitation of
amorphous Fe and Al (Fe_and Al , Figure 3) does
not support hypothesis i) since it was greater in
T3 than in T2, while the CECef-C was greater
in T2.

The precipitation of Al was possibly the
main sink of the exchangeable Al released from
the RM, which would explain why no increase in
exchangeable Al was detected (not shown, but it

was 2mmol_dm™ or less in all samples) despite
the high content of Al in the RM (13.9% of
Al)0,). Lack of an increase in exchangeable Al is
a common finding in previous studies (GILLMAN
et al., 2001; ANDA et al., 2009; RAMOS et al.,
2014 and 2015).

The principal component analysis
resulted in the association of 87.17% of the variation
with the F1 axis and 91.58% of the variation with
the sum of the first two components (axis F1 +
axis F2) (Figure 5). The T3 points are on the right
side of the F1 axis, while the others are grouped
near the origin of the axis (Figure 5a); the results
are better illustrated through the centroids (Figure
5Db). Variables that contributed the most to F1 were
Fe (total) and Na. Variables Mg, Fe and Ca were
also highly correlated with each other; these five
variables were the most important in changing the
chemical characteristics of the soil.

.
[a=]

CECet-C (mmolc kg!)
(98]
)

a ab a

20
10
0 i i
0 101
aT1o 0TI

of probability.

Days

Figure 4 - Mean values of CECef-C. The same letters (same day) indicated no significant difference by the Tukey test at the 5% level

196 288 392

a1 B13
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CONCLUSION

Knowing the detailed chemical and
mineral composition of the RM helped relate it to
the great increase in exchangeable Na during the
experiment. The late increase in exchangeable Ca

was possibly related to its concentration in the cores
of the plagioclases but also to the slow dissolution of
the other mineral sources within the RM. Variation
in pH could not be associated with the variation
in CECef, so at least two hypotheses to explain its
increase remain to be tested. Lack of increase in
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Figure 5 - Principal component analysis: a) data dispersion along the main
axis; b) soil attributes as related to the treatment centroids.
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Chemical attributes of a remineralized Oxisol. 9

exchangeable forms of Fe and Al was possibly due to
their precipitation as amorphous phases.
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