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Soluble compounds of silicon (Si), such as monosilicic acid and polysilicic acid, affect many of the soil chemical
and physicochemical properties of the soil. In Argentina the Chaco Pampean Plain is hugely important as it is
one of the main areas of global agricultural production. The main objectives of this study were to examine the
distribution of the concentration of soluble Si in soils of different genesis of the Chaco Pampean Plain and to
evaluate the relationship between the physical and chemical properties of soils and the Si solubility. A soil
sampling in the Pampa region was performed; where 12 soil profiles samples were taken at 1.5 m depth.
The Si soil levels were separated into two groups. Group A (fine texture) had a high Si content while Group
B (coarse texture) was lower. All soils show poorly provided of soluble Si in the surface horizon, but differ-
ences were observed in the subsurface. A finer soil with N100 years of an agricultural system had 30/40%
less of Si soluble.
Si correlates positively with pH and with clay content. These clays and the phytoliths can be a source or adsorb
silicic acid. There is a negative correlation between Si and sand content, so the sandy loam to sandy soils are to
suffer the greatest impact of agriculturalization. There is a significant and negative relationship between Si and
phosphorus suggesting a competition might exist between these two elements.
Evaluation of Si in these soils is very important due to its relevance in agricultural production worldwide. Si
values may directly affect the production since its deficiency may cause crops disease.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Silicon (Si) is the second most abundant element in the surface of
the earth's crust and in the soil, where it's content is 28.8% (Epstein,
1994; Sposito, 2008). It is present in N370 rock-forming minerals.
Being an element of almost all parent materials, Si is one of the basic
components in most of the soils (Sommer et al., 2006). However,
Matichenkov and Bocharnikova calculated that 210–224 million tons
of Si are removed from agricultural soils each year (Haynes, 2014). Like-
wise, weathering of Si from feldspars and quartz takes placemainly over
multi-millennial tomillion-year timescales. On the other hand, biogenic
produced silica (amorphous opal), mainly found in the shells of several
different aquatic organisms, is soluble at time-scales ranging from days
to years. Although quartz is amajor constituent in rocks, quartz does not
control silica concentration in solution because of its slow dissolution
kinetics ((Miterzky & Cirelli, 2004), Fig. 1).

Hydrated silica represents the second most abundant biogenic min-
eral after carbonate minerals (Fauteux et al., 2005). Dissolution of the
nna), heredia@agro.uba.ar
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amorphous Si in terrestrial soils has been shown to control dissolved
Si export from catchments dominated by wetlands, forests and grass-
lands (Clymans et al., 2011a). Si plays a very important role in the car-
bon global matter cycle. The Si influences the carbon (C) cycle in two
ways, first because the CO2affects the weathering processes and second
it impacts the Siflow into the oceans because diatoms, representing 50%
of the biomass of the oceans, need Si for their skeleton (Sommer et al.,
2006).

The genesis of the soil can determine its chemical properties, such as
the pH and the texture (Heredia, 2014). The variables present in the dif-
ferent horizons, i.e. clay content, may be positively correlated with the
concentration of soluble Si (Korndörfer et al., 2004) and this may affect
the Si cycle. Soil processes control the dissolution stock and the precip-
itation of silicateminerals governing the bioavailability of Si. Aswell, the
variability of the rates of Si cycling in terrestrial ecosystems is largely
governed by pedogenesis (Cornelis & Delvaux, 2016).

Si in soils comes from three main sources, which are (1) primary
minerals inherited from parent material, (2) secondary minerals (crys-
talline phases) developed through soil formation (mainly clayminerals)
and (3) secondary microcrystalline minerals (autogenic quartz, opal).
Silicic acid (H4SiO4) form is the main component of Si soil solutions,
mostly as monomeric silicic acid (Dove, 1995; Drees et al., 1989; Iler,
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Fig. 1. Silica biogeochemical cycle in the southeastern area of the Pampean Plain (Borrelli et al., 2010).
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1979). Polymeric species become stable beginningwith pH≈10 and the
rate of polymerization and depolymerization is slow. (Dietzel, 2000;
Dietzel, 2002). Polymeric silicic acid is composed of two or more Si
atoms and may appear in different forms, e.g., chains, branching
forms, or spherical clusters (Sommer et al., 2006).

Soluble compounds of Si, such as monosilicic acid and
polysilicic acid, affect many of the chemical and physicochemical
properties of the soil. The monosilicic acid can react with alumi-
num, iron and manganese in the formation of slightly soluble sili-
cates. Furthermore, under different concentrations, the
monosilicic acid can be combined with heavy metals (Cd, Pb, Zn,
Hg, etc.) forming soluble complex compounds when the concen-
tration of monosilicic acid is low, and silicates of heavy metals
slightly soluble when monosilicic acid concentration is higher in
the system. Thus, the application of active Si forms (soluble and
extractable Si) offers the possibility of managing the mobility of
heavy metals (Matichenkov & Bocharnikova, 2008).

In regards to polysilicic acids, these mainly affect the physical prop-
erties of soil because they can bind soil particles. The formation of soil
structure occurs through silicates bridging between particles. With in-
creasing polysilicic acids, the degree of soil aggregation, water retention
capacity, exchange capacity and the regulatory capacity of sandy soils
increases (Matichenkov & Bocharnikova, 2008).

The sequestration of Si in soil clay-sized Fe-oxides can thus affect the
Si terrestrial cycle by influencing Si concentration in solution, and hence
inwaters drained fromwatersheds. Threemajor Si reservoirs have been
identified. First, Si-rich precipitates (opal, quartz) induce very large up-
take of preferentially light Si isotopes. Second, Si uptake by biota favors
the absorption of Si in plants, and diatoms. Third, soil clay-sized compo-
nents sequestrate light Si isotopes (Opfergelt et al., 2009).

The soil is the primary source of plant Si and therefore a key reser-
voir of the Si biological cycling (Cornelis & Delvaux, 2016). The process
of Si uptake can be classified as active, passive or rejective, and accord-
ingly plants can be classified as accumulators, intermediates, and ex-
cluders. Plants are considered as Si accumulators when the tissue Si
concentration is N10 g kg–1 and as excluders when they have concen-
trations b5 g kg–1 (Haynes, 2014).The Si concentration in plants de-
pends primarily on the concentration of silicic acid in the soil solution
and it is not correlated with the total Si concentration of the soil
(Guntzer et al., 2012).Plants can influence chemical weathering rates
by producing various organic ligands and acidity, by affecting the soil
water budget through transpiration, and by root uptake of Si(Gérard
et al., 2008). Si biocyclingmay be themost important source of available
Si to plants (Guntzer et al., 2012). Biological uptake of Si can enhance sil-
icate weathering by decreasing aqueous silica concentrations. Con-
versely, the release of Si from dead plant biomass and its
decomposition in the organic soil layer leads to an increased phytoliths
concentration in the soil and may therefore inhibit the rate of chemical
weathering (Gérard et al., 2008).

Phytogenic Si is now recognized as one of the most important
sources of Si in soil solution among all soil minerals. It is, however, im-
portant to note that phytoliths can be highly resistant to dissolution
and may remain in soils for thousands of years, thus, contributing to C
sequestration (Haynes, 2014).The biogeochemical C sequestration by
phytoliths provides a longer-term opportunity to sequester atmo-
spheric CO2 (Marxen et al., 2016; Yang et al., 2018).The distribution of
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phytoliths through the soil profile is similar to that of carbon and, in
some cases, shows a rapid decrease with depth (Guntzer et al., 2012).
It has been confirmed that approximately 0.1–6% of organic C could be
occluded within phytoliths during its formation process (Yang et al.,
2018).

Upon death and decay of the plants, phytoliths become part of the
clastic materials, thus being exposed to the same weathering processes
that affect the soil minerals. These processes generate surfaces with
pores or cavities through which monosilicic acid is released, ready to
be reabsorbed by the plants, to remain in the system, to be involved in
the formation of secondary minerals(such as clays, allophanes and
amorphous silica) or to flow into the underground water (Borrelli
et al., 2010).

There are depositions of biogenic silica as opal, which may be found
in soils from 3 to 20%. These values mean that opal comprises a signifi-
cant portion of the Si compounds. There is considerable evidence that
the opal phytoliths are very abundant in the regolith of many locations
(Clarke, 2003). Biogenic Si can undergo a faster turnover than the sili-
cate minerals depending on the mineral composition of the soil and
the amount of phytoliths. In the Pampean Plain, lightminerals and com-
pounds of amorphous silica, both of inorganic (vitroclastics) and organic
origin (phytoliths), predominate. These represent over 40% of mineral
components of the soil (Borrelli et al., 2010).

Si deficiency produces weak plants, growth, development and re-
production are abnormal, and plants are more susceptible to metal tox-
icity, pests and diseases (Doncheva et al., 2009).

In Argentina, the Chaco Pampean plain is hugely important as it is
one of the main areas of global agricultural production and there are
Fig. 2.Map of Argentina and s
very few studies of Si in soils. Several authors have studied the impor-
tance of biogenic silica and its effect on soil physical properties
(Pecorari et al., 1990; Pecorari et al., 1991; Peinemann & Ferreiro,
1972). Cosentino (Cosentino, 2002) evaluated the contribution of
phytoliths to light silt fractions whichwere found to have a negative ef-
fect on the soil structure.

But there are no studies in Argentina on soluble and available Si soils
and its direct impact on the nutrition of crops or on the burden of ions
that can reach aquifers or surface water bodies.

Themain objectives of this studywere to examine the distribution of
the concentrations of soluble Si in soils of different genesis of the Chaco
Pampean Plain and to evaluate the relationship between the physical
and chemical properties of soils and Si solubility.

2. Materials and methods

2.1. Site and sampling

Soils sampling was performed in the Pampa region during
2012–2013.The soil samples consisted of12soil profiles which
were taken in duplicates at 1.5 m depth and come from composite
samples. Samples were obtained at different locations of the prov-
ince of Buenos Aires: 25 de Mayo, (25 M), S53°28,762′
W60°07,601′; Balcarce, (Ba), S37°45,798′ W58°17,845′; Ferré,
(Fe), S 34°06′,008′ W61°08,381′;Las Armas, (LasA) S37°05,603′
W57°52,478′; Pergamino (Pe) S 33°53.397′ W60°34.412′; Trenque
Lauquen, (TL) S35°58,378′ W62°45,956′; in the Santa Fe province:
Las Rosas, (LR) S32°29,539′ W61°34,046′; in Córdoba: Manfredi,
oil sampling distribution.
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t1:2 Physical and chemical characteristics of soil surface horizons.

t1:3 ID Coordinates Province pH TC CEC Sand Silt Clay Taxonomy clasification

t1:4 1:2,5 g/kg cmolc/kg % % %

t1:5 25 M S53°28,762′ W60°07,601′ Bs. As. 6.7 12.9 14 54.8 38.6 6.6 Thapto Argic Hapludolls
t1:6 Fe S 34°06′,008′ W61°08,381′ Bs. As. 6.5 25.22 23.1 28.2 57.7 14.1 Typic Argialbolls
t1:7 Pe S 33°53.397′ W60°34.412′ Bs. As. 5.65 22.1 25.3 20 47.5 32.5 Typic Argialbolls
t1:8 LasA S37°05,603′ W57°52,478 Bs. As. 5.3 55.5 14.1 33.2 62.5 4.3 Typic Natraquolls
t1:9 LR S32°29,539′ W61°34,046′ Santa Fé 5.2 17.36 21.4 4.3 93.9 1.8 Typic Natraquolls
t1:10 TL S35°58,378′ W62°45,956′ Bs. As. 6.2 8.8 14 69.2 24.3 6.6 Acuic Hapludolls
t1:11 Ba S37°45,798′ W58°17,845′ Bs. As. 4.9 38.1 30 33.6 57.2 9.3 Typic Argialbolls
t1:12 Mn S31°51,422′ W63°44,926′ Córdoba 6.4 13.68 18.7 14 69.3 16.8 Typic Hapludolls
t1:13 AN S36°32′29.7′′ W63°59′27.3′ La Pampa 6.9 4.01 8 84.7 13.8 1.6 Entic Hapludolls
t1:14 IAL S35°22′33,7′′ W63°41′8,2′′ La Pampa 6 6 7.6 82.5 12.6 5 Entic Hapludolls
t1:15 IAML S35°22′37.9′′ W63°41′4,3′′ La Pampa 6.1 9.82 9.5 70.2 22.3 7.5 Entic Hapludolls
t1:16 IAB S35°22′53,8′′ W63°41′6,4′′ La Pampa 5.9 7.83 11 68.8 23.7 7.5 Entic Hapludolls
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(Mn) S31°51,422′ W63°44,926′; towns in La Pampa: Anguil (AN)
S36°32′29.7′ W63°59′27.3′ and Intendente Alvear (IA).Samples
from IA were taken in three land scape positions: upper (IAL)
S35°22′33,7′ W63°41′8,2″, middle (IAML) S35°22′37.9′′W63°41′
4,3″ and lower (IAB) S35°22′53,8′′ W63°41′6,4″. All the soils are
from agricultural systems, in rotation wheat/maize/soya.

The climate of the region is humid (700–1000mm/year) and mild,
isotherm 16 (INTA, 2008). The parent material was identified as Pam-
pean Loess and Post Pampean loess (Frenguelli, 1955a; Frenguelli,
1955b).
2.2. Soils analysis

Sample soils were classified using the soil taxonomy (Soil
Taxonomy, SSS, 2014) and they were analyzed for total carbon (TC)
(Walkley& Black), TN (Kjeldahl),water pH (potentiometric), extractable
phosphorus (P) (Kurtz and Bray 1), exchangeable cations and cation ex-
change capacity (CEC, Ammonium Acetate method 1 N pH 7) (Sparks,
1996), electrical conductivity (EC) (conductimetry) and texture
(Bouyoucus method) (Klute, 1986).

Soluble Si was extracted with water. The extraction procedure was
as follows: 1) after removing plant roots, 6 g of fresh soil was placed
into 100mL plastic vessels; 2) 30-ml of water was added to each vessel;
3) after 1 h shaking, a sample was filtered, and a clean extract was ana-
lyzed for solublemonosilicic acid. To quantify, theGovett (yellowproce-
dure silicomolybdic acid) and Weaver et al. (blue procedure
silicomolybdic acid) (Sparks, 1996) colorimetric methodology was
used. It was decided to use this methodology because others gave a lot
of variabilities. All the samples had two replicas.

Statistical correlation and regression analysis were conducted to es-
tablish the relationship between all the variables analyzed with the
Infostat program (Di Rienzo et al., n.d.).
Table 2
Physical and chemical characteristics of soil subsurface.

ID Coordinates Province pH 1:2.5

25M S53°28,762′ W60°07,601′ Bs. As. 8.1
Fe S 34°06′,008′ W61°08,381′ Bs. As. 6.6
Pe S 34°06′,008′ W60°34.412′ Bs. As 6.16
LasA S37°05,603′ W57°52,478 Bs. As. 8.4
LR S32°29,539′ W61°34,046′ Santa Fé 6.7
TL S35°58,378′ W62°45,956′ Bs. As. 8
Ba S37°45,798′ W58°17,845′ Bs. As. 6.6
Mn S31°51,422′ W63°44,926′ Córdoba 8.2
AN S36°32′29.7′′ W63°59′27.3′ La Pampa 7
IAL S35°22′33,7′′ W63°41′8,2′′ La Pampa 6.3
IAML S35°22′37.9′′ W63°41′4,3′′ La Pampa 6.2
IAB S35°22′53,8′′ W63°41′6,4′′ La Pampa 6.6
3. Results and discussion

3.1. Sampling sites

Fig. 2 shows the localitieswhere the sampleswere taken. All of them
were obtained in Argentina, in the provinces of Buenos Aires, Córdoba,
La Pampa and Santa Fe.

3.2. Physical and chemical soil data

All the soils correspond to Mollisols order. Physico-chemical values
of the surface soils horizons are presented in Table 1.

The pH of the soil surface varies between very acid to slightly acidic
(5,2 to 6,9).Soil texture ranges from sandy loam to silt loam. The grain
size is related to soil parent materials in each region. The total carbon
content (TC) is very well provided as in the case of soil LasA (55,5
g/kg), and poorly provided in AN (4,01 g/kg). This is probably related
to reduced precipitation and plant biomass. The soil CEC varied between
low to moderate values according to texture and TC.

Physicochemical values of subsurface horizons of soils evaluated are
shown in Table 2. These valueswere determined at the depthwhere the
B horizon begins (accumulation horizon), which ranged between 60
and 80 cm in depth. Subsurface soils ranged from slightly acid to mod-
erately alkaline pH (6,16 to 8,2), showing a texture from sandy loam
to silty clay. On the other hand, TC diminishes (0,66 to 4 g/kg) and
CEC had a low variability in comparison with the superficial horizon.

3.3. Soil silicon analysis

3.3.1. Distribution profile
The Si soil levels were separated into two groups (Figs. 3 and 4).

Comparing these groups to each other, group A (Fig. 3) had a high Si
content while Group B (Fig. 4) was lower. Group A had a concentration
TC g/kg CEC cmolc/kg Sand % Silt % Clay %

0.66 19.1 59.3 18.3 22.5
4.03 22.6 21.6 49.3 29.1
3.86 23.6 22.5 35 42.5
2.58 29.8 27.4 53.5 19.1
3.6 27.9 2.1 56.1 41.8
0.88 9.3 76.9 19.1 4.1
1.55 16.2 48.6 32.2 19.3
1.61 15.7 15.7 70 14.3
1.71 7.3 85.6 12.8 1.6
2.59 10.5 81.6 13.4 5
3.42 11.3 73.8 18.7 7.5
3.55 10.2 71.6 21 7.5



Fig. 5. Clay distribution in the soil profile (group A).Fig. 3. Si distribution in the soil profile (group A), bands are standard error.Fig. 4. Si
distribution in the soil profile (group B), bands are standard error.
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from 20 μg/g to 100 μg/g. On the other hand, group B had a concentra-
tion from 20 μg/g to 40 μg/g. The two groups were separated by the sil-
icon content and by its texture. The standard error was lower than 10%.
Matichenkov and Bocharnikova (Matichenkov & Bocharnikova, 2008)
classifies soils according to the concentration of Si identifying four clas-
ses with regards to their availability. The first class applies to well pro-
vide soils, where no fertilization is required, which are soils that
contain values higher than 40 μg/g of available Si. On the other hand,
there are poorly provided soils, where fertilization with Si is necessary,
and these soils contain between20 and 40 μg/g of available Si. If the soils
have between 10 and 20 μg/g of available Si they are deficient soils,
where Si fertilizers have a stable and significant effect on all crops and
increase soil fertility. Finally, there are soils withvery deficiency where
the lack of Si has a negative effect on productivity and which are the
soils that contain b10 μg/g of available Si (Clymans et al., 2011b;
Matichenkov & Bocharnikova, 2008; Struyf et al., 2010).Song et al.
(Song et al., 2014) wrote, Si is not an essential nutrient but it is a bene-
ficial element against abiotic or biotic stress.

In Fig. 3group A, the soils have been classified texturally as silty loam
or clay loam, therefore they are fine textured Mollisols. The soluble Si
content in surface horizons ranges from 15to 40 μg/g of soil reaching a
maximum of 100 μg/g at 80 cmdepth. These findings agree with the re-
sults of Keller et al.(2012). They found at depth, amorphous Si may in-
crease due to phytoliths translocation.

In Fig. 4, group B, soluble Sicontent remains relatively constant with
an increasing profile depth. Profile values ranged from 15 to 30 μg/g in
the surface with a maximum value of 40 μg/g for most soils except
IAB. Most of these soils have been classified texturally as sandy or
sandy loam, which are coarse textured Mollisols.

Therefore, soils in group A containmore Si than those in group B. Ac-
cording to Matichenkov's soils Si classification (2008), surface soils in
Fig. 4. Si distribution in the soil profile (group B), bands are standard error.
group A and group B would be classified as soils poorly provided. But
this changes in depth because soilsin group A, fine textured, have values
N40 μg/g and they are well provided with this element. However, the
group B, coarse textures, contained the same Si content in the surface
as in depth. Possibly soils in group A have a subsurface Si reserve and
therefore the coarse soils may have less Si available.

In previous studies, our work team found that coarse-textured
Hapludolls soils in Buenos Aires province are poorly deficient in soluble
Si with superficial values ranged between 13.3 μg/g to 30.1 μg/g soil
matching with group B (Chirkes et al., 2012).

A very interesting result was found in group A. The profile Pe had 30
or 40% less soluble Si than the other profiles of the same group. Pe is a
soil with N100 years of agricultural system, so it could be happening
that the different crops in all these years absorbed a great quantity of
soluble Si from the soil. Then, with the exports, those amounts of Si
can be lost. As these soils are not fertilized with Si, it could be a limiting
element in the future as has been discussed by Clymans et al.(Clymans
et al., 2011b) and Struyf et al. (Struyf et al., 2010).The concentration of
amorphous silica is lower in cultivated soils compared to natural ecosys-
tems where plant Si is not exported (Guntzer et al., 2012). Haynes
(Haynes, 2014) sustained that since the continual removal of Si in the
harvested product is promoting desilication of soils, the addition of fer-
tilizer Si may become amore common practice for awide range of crops
in the future. This way, cumulative manure amendment may increase
the content of available Si in soils either directly- throughmanure avail-
able Si input- or indirectly through mineralization and transformation
of other noncrystalline Si forms released from manure degradation
(Song et al., 2014).

3.3.2. The relationship between Si and edaphic variables
The maximum Si value in all soils for group A could correspond to

the maximum clay content (Fig. 5) while the low Si concentration
Fig. 6. Clay distribution in the soil profile (group B)
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t3:1 Table 3
t3:2 Correlation between edaphic components for soil of group A

t3:3 Si pH 1:2.5 C.E. TC TN P CEC Ca2+ Mg2+ Na+ K+ Sand Silt Clay

t3:4 Si 1 0,02 0,3 0,01 0,01 0,19 0,42 0 0,04 0,84 0,03 0,86 0,92 0,89
t3:5 pH 1:2.5 0,41** 1 0,03 0 0 0 0,04 0 0 0 0,01 0,02 0,02 0,88
t3:6 C.E. −0,19 0,4 1 0,25 0,19 0,36 0,09 0,38 0 0 0,09 0,84 0,86 0,95
t3:7 TC −0,54** −0,57** 0,24 1 0 0,18 0,27 0,08 0,03 0,53 0,19 0,68 0,19 0,12
t3:8 TN −0,5** −0,55** 0,27 0,99 1 0,3 0,26 0,08 0,04 0,6 0,17 0,73 0,22 0,13
t3:9 P −0,27 −0,67** −0,19 0,28 0,22 1 0,9 0,21 0,04 0,16 0,48 0,01 0 0,48
t3:10 CEC 0,17 0,42** 0,34* −0,23 −0,23 −0 1 0,08 0 0 0 0,01 0,35 0
t3:11 Ca2+ 0,51** 0,72** 0,16 −0,36** −0,36** −0,3 0,4** 1 0 0,07 0 0,31 0,45 0,63
t3:12 Mg2+ 0,38** 0,8** 0,5** −0,44** −0,41** −0,4** 0,8** 0,62 1 0 0 0,83 0,47 0,44
t3:13 Na+ −0,04 0,66** 0,82** −0,13 −0,11 −0,3 0,7** 0,33 0,8** 1 0,02 0,91 0,48 0,36
t3:14 K+ 0,39** 0,45** 0,31 −0,27 −0,28 0,15 0,75* 0,5 0,7** 0,42** 1 0,05 0,14 0,4
t3:15 Sand −0,17 0,43** 0,04 −0,09 −0,07 −0,5** −0,5** 0,19 0,04 0,02 −0,4** 1 0 0,03
t3:16 Silt 0,08 −0,43** −0,03 0,27 0,25 0,6** 0,19 −0,1 −0,1 −0,1 0,27 −0,8** 1 0,19
t3:17 Clay 0,19 −0,03 −0,01 −0,32 −0,31 −0,2 0,6** −0,1 0,14 0,17 0,16 −0,38** −0,2 1

t3:18 n=31. The cases with * correlate with a value of significance of p b 0.1 and **correlate with a value of significance of p b 0.05.
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observed in group B could be associated with low clay content (Fig. 6).
These values match with the results of Ma and Takahashi (2002). They
measured the bioavailable Si in a soil profile under a cultivated field
and they reported soluble Si concentrations in a paddy field increasing
with depth. They interpreted these results as a pH effect, the pH in-
creased with depth and the concentration of Si too. The profiles from
group A have an increase in pH with depth too, so we could conclude
the same although the regression had a low R2 and a low correlation.

On the other hand, Borrelli et al. (Borrelli et al., 2008) also studied
the content of phytoliths (particles of hydrated amorphous silica, SiO2.

nH2O) in a soil of the Pampa and its relationship with vegetation
cover. They found higher Si values in the forest than in the pasture
and in each profile the Si content decreased from the surface level to
subsurface soil levels.

Si levels also variedwith the pH, TC and P content (Tables 3 and 4). Si
concentration increased with pH (Tables 3 and 4) and similar findings
for TC were described by Mostafa and Lall (Mostafa & Lall, 2014).

A competition between P and Si might exist for exchange sites on
clay particles possibly via ligands, according to Tallberg et al. (Tallberg
et al., 2008). This competition seemed to be more evident in group B
(Table 4).

3.3.3. Correlations with studied edaphic variables
Correlations analyses are shown in Tables 3 and 4 between the

studied edaphic variables Korndörfer et al. (Korndörfer et al.,
2004) and Sparks (Sparks, 2003) found that as the pH increases
the releases of Si desorption to the solution is promoted. The re-
sults of the present study agree with those observations. Those au-
thors also mentioned that when the pH increases, there is a great
Table 4
Correlation between edaphic components for soils of group B

Si pH 1:2.5 C.E. TC TN P C

Si 1 0 0,38 0,02 0,02 0,04 0
pH 1:2.5 0,53** 1 0,25 0 0 0,03 0
C.E. −0,17 −0,22 1 0 0 0,35 0
TC −0,44** −0,66** 0,72 1 0 0,16 0
TN −0,42** −0,66** 0,7 1 1 0,22 0
P −0,39** −0,4** 0,18 0,26 0,23 1 0
CEC 0 −0,36** 0,38** 0,65** 0,68** −0,2 1
Ca2+ 0,46** 0,51** 0,13 0 0,02 −0,3* 0
Mg 2+ 0,52** 0,35** −0,04 −0,11 −0,08 −0,5** 0
Na + 0,09 0,11 −0,04 −0,12 −0,13 0,36** −
K+ 0,11 -0,03 0,29 0,29* 0,31* 0,21 0
Sand −0.29* 0,02 −0,18 −0,39** −0,4** 0,16 −
Silt 0,15 0,04 0,25 0,43** 0,43** −0,1 0
Clay 0,26 −0,11 −0,1 0,11 0,15 −0,3 0

n=30. The cases with * correlate with a value of significance of p b 0.1 and **correlate with a
conversion of polysilicic acid (insoluble Si) to monosilicic acid
(soluble Si). Different authors have described the relationship be-
tween pH increase and dissolution of Si increase (Bergna, 1994;
Lindsay, 1979). Lindsay (Lindsay, 1979) mentioned that a pH N8.5
silicates are ionized with a significant contribution to the total Si
solution. A negative correlation existed between Si and TC
(Tables 3 and 4), so the main Si source is the inorganic soil frac-
tion. Fraysse et al. (Fraysse et al., 2006) suggested that the major
part of Si released in solution during plant litter degradation orig-
inated from phytoliths and not from the organic matter.

A positive correlation existed between Si and clay content.
Korndorfer and his colleagues (2004) found that soluble Si
seems to increase with the clay content. In our soils, the presence
of a very well developed and enriched in clay minerals (22–38%)
B horizon (Group A) could provide the condition for secondary
silica precipitation (Borrelli et al., 2010). Grauer-Gray and
Hartemink (Grauer-Gray & Hartemink, 2018) in a raster sampling
found the distribution of Si was uniform in the Mollisol at 0–40
cm depth, but below 40 cm depth, the distribution of Si was ir-
regular, with sharp horizontal changes in concentration occurring
in multiple depth intervals. This coincides with what happens in
the Hapludoles of this work but does not coincide with the
Argiudoles. Gérard et al. (Gérard et al., 2008) suggested that Si
concentrations in capillary solution are mainly biologically con-
trolled (62%) with respect to geochemical contributions from K-
feldspar dissolution (38%). So, phytoliths could play an important
role in the silica cycle being an important source of Si in these
soils, like in different environments around the world (Farmer
et al., 2005).
EC Ca2+ Mg 2+ Na + K+ Sand Silt Clay

,98 0,01 0 0,64 0,55 0,27 0,45 0,16
,05 0 0,05 0,57 0,88 0,91 0,84 0,57
,04 0,48 0,83 0,83 0,13 0,33 0,18 0,59

0,99 0,56 0,54 0,12 0,04 0,02 0,57
0,93 0,68 0,49 0,1 0,03 0,02 0,43

,2 0,07 0 0,05 0,27 0,39 0,66 0,11
0,01 0 0,33 0,02 0 0 0

,44 1 0 0,98 0,01 0 0 0
,56 0,66 1 0,74 0,05 0 0,01 0
0,2 0 −0,1 1 0,1 0,3 0,25 0,6
,42 0,46** 0,36** 0,3* 1 0,03 0,08 0,05
0,8** −0,7** −0,7** 0,2 −0,4** 1 0 0
,62** 0,72** 0,49** −0,2 0,33* −0,96** 1 0,01
,76** 0,51** 0,79** −0,1 0,35** −0,73** 0,49** 1

value of significance of p b 0.05.
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For cations, Si correlated positively with almost all elements but it
doesn't have a correlation with sodium. This could show that the soil
would have magnesium and calcium silicate.

The negative correlation between Si and sand content is consistent
with the results described above, the Group B soils have more sand
being coarse textured and they therefore contain less soluble Si than
group A. This finding is expected since this Si in the sandy soil is not
very reactive (quartz) and therefore it is poorly soluble (Sommer
et al., 2006).

Evaluation of Si in these soils is very important due to its relevance in
agricultural productionworldwide. Si valuesmaydirectly affect thepro-
duction since its deficiency may cause crops disease.

Growing interest of Si study is dimensioned in the increasing
number of papers addressing this topic. The rise in Si-deficient
soils may find a solution by means of fertilization with Si which
may increase its performance and would improve the physiological
conditions of crops.

4. Conclusions

All soils are poorly provided of soluble silica superficially probably
due to the activity of the plants and the formation of phytoliths. The
finer soils texture (group A) are well provided in the subsurface while
coarse texture (group B) contained the same Si content in the surface
as in depth. The silicates clays present in the subsurface horizons
(group A) may release or adsorb silicic acid.

Si correlates positively with pH and with clay content. On the other
hand, Si correlates negatively with TC, P and sand content.

As sand content increases, the Si soluble content decreases, so the
sandy loam to sandy soils are to suffer the greatest impact of
agriculturalization.

There is a significantly negative relationship between Si and P sug-
gesting a competition might exist between these two elements.

Finally, a finer soil (Pe) with N100 years of an agricultural system
had 30/40% less soluble Si.
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