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Liming represents a common agricultural practice for abating soil acidity.
Nevertheless, elevated amounts of agricultural lime in Oxisols, with or with-
out cultural residue addition, could alter soil physicochemical properties and
impact soil structure. In this context, the physical, chemical, and structural
behaviors of an Oxisol under the addition of lime and straw were assessed.
Lime doses (0, 3.9, 7.8, and 15.6 Mg ha~") were either applied on the surface
or incorporated into the 0- to 5-cm soil layer. Straw applications followed the
same procedure with quantities of 0, 4, 12, or 16 Mg ha™'. The effects on the
soil profile were evaluated through physicochemical (specific surface area, §
potential, and pH), physical (density, penetration resistance, water dispersible
clay, and total porosity), and micromorphological properties (surface area,
volume, connectivity, size, and pore anisotropy) 1 yr after soil incubation in
polyvinyl chloride cylinders 30 cm long and 14.5 c¢cm in diameter. Lime appli-
cation on the surface or into the 0- to 5-cm layer increased soil pH to values
above 7.0 and the electronegative potential of soil colloid surface, promoting
clay dispersion. Water-dispersed clay migrated in the soil profile, causing pore
obstruction, and higher soil density and penetration resistance. In addition,
excessive lime decreased specific surface area, anisotropy degree and the con-
nectivity of the soil pore system. Straw addition promoted a slight increase of
colloids electronegative potential but did not alter soil physical properties.

Abbreviations: BD, bulk density; MDC, mechanically dispersible clay in water; NTU, nephelometric
turbidicy units; PR, penetration resistance; PVC, polyvinyl chloride; PZC, point of zero charge;
RDC, readily dispersible clay in water; SMP, Shoemaker—-McLean—Pratt method; ZP, { potential.

oil structure is influenced by physical, chemical, and biological factors (Bronick
and Lal, 2004; Abid and Lal, 2008), and its stability is a function of the in-
teraction between particles and other soil components (Bolan et al.,, 1999;
Baalousha, 2009). Among physicochemical properties acting on aggregation, col-
loid surface charge can promote cither aggregate formation or dispersal (Stumm and
Morgan, 1996; Fontes et al., 2001), especially in highly weathered Oxisols. In these,
charge density depends on several factors, such as ionic strength, the pH of the solu-
tion, organic C, and soil mineralogy (Bolan et al., 1999; Sposito, 2008; Baalousha,
2009). Therefore, chemical and biological management could modify electrostatic

properties and, as a result, Oxisols structural stability would also be altered.
Core Ideas
e Liming represents a common agricultural practice for abating soil acidity.

¢ High doses of lime on the Oxisol surface increases the electronegativity
of the soil system.

¢ High electronegativity increases clay dispersion in the uppermost soil layer.
e Clay migration led to a series of physical alterations in soil subsurface layers.

¢ Overliming can lead to the degradation of highly weathered soil structures.
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Crop rotation and cultural residue management also affects
soil structure. This is associated with interactions between or-
ganic C and other soil components. The effect could be cither
positive or negative, depending on deposited residue quantities
and types as well as soil physicochemical conditions (Schutter
and Dick, 2002; Cates et al.,, 2016). Soluble organic anion ad-
sorption could diminish positive charges on oxide surfaces, in-
ducing flocculation. Conversely, significant amounts of these an-
ions could generate negative charges and promote soil dispersion
(Ramos and McBride, 1996; Bolan ct al., 1999). Anion adsorp-
tion by colloids may decrease the point of zero charge (PZC) of
soil for low to medium pH, whereas polyvalent metal adsorption
can increase PZC (Coleman et al., 1989). This may cause a com-
bined effect of cations and soluble organic anions, which may
promote soil flocculation (Amézketa, 1999).

The addition of lime is a management practice that enhanc-
es agricultural crop yield in acid soils because of its potential to
increase nutrient (notably P) availability, stimulate microbial ac-
tivity, and reduce Al toxicity. Excessive lime, however, may lead
to alterations in soil electrochemical properties. This would oc-
cur because of an increase in pH and a decrease in AIP* activ-
ity, altering the solution electrolyte with possible impacts on soil
structure (Uehara and Gillman, 1980). Soil pH controls both
H* supply for oxide adsorption and functional groups dissocia-
tion from organic matter, influencing the density of Oxisol sur-
face charges (Fontes et al,, 2001). In this sense, negative charges
would increase with pH, which would reduce the attraction be-
tween kaolinite and oxides, resulting in repulsion between these
particles (Ramos and McBride, 1996) and possible soil disper-
sion (Bolan et al., 1999; Fontes et al., 2001).

In agricultural Oxisols managed under no-tillage, the con-
centration of lime in the uppermost soil layer (Nunes et al,,
2014) could aggravate the effect on colloidal surface electrostatic
properties. This could lead to a series of alterations in soil physi-
cal properties, including a reduction in aggregate stability and
an increase in clay dispersion (Roth and Pavan, 1991; Nunes et
al., 2017). The water-dispersed clay may alter both pore size and
continuity (Alaoui et al., 2011; Berisso et al., 2013). Moreover,
water-dispersed clay may decrease soil permeability to water
(Bolan et al., 1996) and to gases (Dorner and Horn, 2006), in-
creasing the potential for clay concentration in floodwater (Roth
and Pavan, 1991; Fontes et al., 1995), and lead to erosion-suscep-
tible soil (Castro and Logan, 1991) and increases soil density in
subsurface layers.

This research aimed to quantify the behavior of physico-
chemical and structural properties of an Oxisol under the addi-
tion of lime and crop residues. It is based on the following hy-
potheses: (i) the application of lime on the surface or into the up-
permost soil layer promotes modifications in soil physicochemi-
cal properties and increases clay dispersion; (ii) water dispersible
clay migrates in the soil profile, altering the pore system, density,
and soil penetration resistance (PR); and (iii) crop residue addi-

tion decreases clay dispersion, improving soil properties.

MATERIAL AND METHODS
Experiment

The Oxisol used in this study was classified as Rhodic
Hapludox (USDA (2014) soil taxonomy) and Latossolo
Vermelho Distréfico tipico (Brazilian soil classification system;
Santos et al., 2013). The Oxisol was sampled at 0 to 15 cm (A
horizon) with a landscaping spade in an area that was never cul-
tivated from Passo Fundo, state of Rio Grande do Sul, Brazil
(28°14'18"S, 52°20'30"W). The area was under native veg-
ctation (native vegetation from the Mata Atlntica biome). The
climate observed in the collecting region is humid subtropical
(Cfa—-Koppen classification), with annual precipitation of be-
tween 1300 and 1800 mm, distributed uniformly during the year.

Five subsamples were separated with a 2-mm sieve, to de-
termine potential soil acidity by the Shoemaker—McLean—Pratt
(SMP) method (Shoemaker et al., 1961). The SMP method
is one of most commonly used to estimate soil potential acid-
ity in the soil region of this study. The SMP solution contains
four chemical substances that act as weak bases to buffer the pH
(triethanolamine, p-nitrophenol, potassium chromate, and cal-
cium acetate), along with calcium chloride to control the ionic
strength. It was determined that 7.8 Mg ha™! of lime (100%
relative power of total neutralization) was required to efficiently
raise the soil pH in water to 6.5.

Polyvinyl chloride (PVC) cylinders (30 cm height; 14.5 cm
i.d.) were filled with the soil, and the sample’s bulk density (BD)
was established as 1200 kg m™. Subsequently, lime dosages
equivalent to 0, 0.5, 1, and 2 SMP (0, 3.9, 7.8, and 15.6 Mg ha~!
respectively) were added to the soil surface (Test I) or incorpo-
rated into the 0- to 5-cm soil layer (‘Test II). In a third trial, straw
from a tropical grass, Brachiaria brizantha (A.Rich.) Stapf cv.
Marandu, was incorporated in the 0- to 5-cm soil layer at doses
of 0, 4, 12, and 16 Mg ha~L. Prior to being added, the straw was
ground into pieces approximately 5 mm long. The experimental
design was a completely randomized block design, with four rep-
licates, totaling 48 vessels.

Weekly irrigations of 30 mm (equal to 1/52 of annual pre-
cipitation observed at the soil sampling site) were performed
for 50 wk from 13 Apr. 2015 to 13 Mar. 2016 while the con-
tainers remained in a greenhouse, without humidity and tem-
perature control. Average maximal and minimal temperatures
in the greenhouse during the incubation period were 27.8 and
17.2°C, respectively.

Soil Characterization
Mineral Fraction

Particle size analysis (Gee and Or, 2002) and soil particle
density (Donagema et al., 2011) were quantified and the clay
fraction mineralogy was qualitatively evaluated. To separate the
clay fractions, the following steps were performed: soil organic
matter removal with addition of hydrogen peroxide (30% v/v;
1 h under room temperature and after 2 h under 70°C), chemical
dispersion with 10 mL of sodium hydroxide (0.1 mol L_l), me-
chanical dispersion with a Wagner agitator TE-160/24 (Tecnal,
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Piracicaba, Brazil) in a rotary movement of 360° operating at 25
rpm for 16 h, and sand fraction removal by sieving. The clay frac-
tion was obtained by siphoning after the duration of silt fraction
sedimentation, calculated according to Stokes” law. The soil ma-
terial was characterized by X-ray diffraction (powder method)
with a XRD 6000 (Shimadzu, Kyoto, Japan), with a Cu tube op-
erated at 30 mA and 30 kV; equipped with 6-compensating slit.
The samples were scanned from 3 to 60 (20) at a 0.5° step size
and a count time of 1 per step.

The clay fraction PZC was calculated from the ¢ poten-
tial (ZP). Clay was suspended in 40 mL of 0.01 mol L~ NaCl,
from which 4 mL was pipetted into a 50-mL beaker containing a
40-mL solution of 0.01 mol L~! NaCl in preadjusted pH values
0f2,3,5,6,8,and 9 by means of HCl or 0.01 M of NaOH. Clay
slurry was transferred to the electrophoretic cell of the Zetasizer
Nano ZS equipment (Malvern, Malvern Instruments, UK) and
ZP readings were measured. All analyses were performed in trip-

licate, with 10 to 20 readings per repetition.

Soil BD by ~-ray attenuation

At the 50th week of the experiments, irrigation was ceased
and the soil samples were allowed to dry until a moisture content
0f0.07 m3 m3. Soil BD was determined in 2 mm intervals (0-30
cm sample height) via the ~-ray attenuation method with appara-
tus developed at Embrapa Instrumentation (Naime, 1994). Prior
to scanning the soil columns with the ~-ray beam passing perpen-
dicular to its longitudinal axis (1, counts per s), three empty PVC
cylinders were scanned at the same intervals to provide the blank
attenuation counts ([, cps). Local atmospheric radiation (7, )
was determined from soil samples with aknown BD, and the mass
attenuation coefficient (1, cm? g~1) of the studied soil was deter-
mined with soil samples with a known BD. Two complete scans
were performed for each soil column and then averaged to pro-
vide a set of emerging radiation counts (7,) from the soil column.
The counting time for each measurement (2 mm interval from 0
to 30cm) was 10 s in both blank attenuation counts and emerg-
ing radiation counts. The BD (g cm™) was calculated as follows:

([ﬂ ﬁo_ﬁa(m j
BD=t -t xn/ (1]

px

where x (cm) is the internal diameter of the PVC cylinder.

Resistance to Penetration

The soil columns were stratified in layers of 0 to 2.5, 5 to
7.5,12.5 to 15, 17.5 to 20, and 25 to 27.5 cm as preserved struc-
tured soil in small cylinders 2.5 ¢m in height and 4 cm i.d. Soil
PR was determine with an electronic bench penetrometer (CT3
Texture Analyzer, Brookfield, Middleboro, MA) equipped with
a 25-kgload cell, a data recording system, and a cone with a 30°
semiangle and a diameter of 3.81 mm. Penetration velocity was
10 mm min~!, determined at 10 kPa of soil water tension. All PR

analyses were performed in triplicate.

Water-Dispersible Clay

Readily dispersible clay in water (RDC) and mechanically
dispersible clay in water (MDC)(Dexter etal., 2011) were quanti-
fied for the 0- to 2.5-, 5- t0 7.5-, 12.5- to 15-, 17.5- to 20-, and 25-
to 27.5-cm layers. Five grams of ground soil was placed in 150-mL
flasks, to which 125 mL of deionized water was added. The flasks
were manually flipped four times (gentle agitation) to quantify
RDC and agitated at 100 excursions per minute in a horizontal
shaker for 3 h (more rigorous agitation) to compute MDC. After
stirring, the flasks were left undisturbed for 16 h for sedimenta-
tion of particles larger than clay (sand, silt, aggregates). Afterward,
30 mL of the suspension was transferred to a turbidimeter cell
(Hach Turbidimeter 2100AN, Hach, Ames, IA), where its turbid-
ity was measured in nephelometric turbidity units (NTU). The
soil water content of the original soil samples was also determined
to correct to the oven-dry soil mass (DSM) used to determine the
dispersed clay. Turbidity was normalized by dividing NTU by the
soil particle aggregate concentration (C g L_l):

RDC or MDC = NTU: NTU

1000 (DISTI;'I) . (2]

Turbidity corresponding to the percentage of total soil clay,
determined via the pipette method (Gee and Or, 2002), was also
quantified. After the required time for sand and silt sedimen-
tation, a 30-mL aliquot was taken and transferred to the turbi-
dimeter cell. The ratio between the total clay content (%) and
turbidity rates (in NTU gL~!) of the same soils represents a fac-
tor that when multiplied by other samples’ NTU gL_1 values, re-
turns to the RDC and MDC (%) soil quantities. Thus the values
are presented as RDC and MDC percentage by total soil clay. All
the RDC and MDC analyses were performed in triplicate.

Computed X-ray Microtomography

In layers at 0 to 2.5, 12.5 to 15, and 25 to 27.5 cm, samples
with preserved structure were collected in PVC cylinders (2.5
cm height; 2.2 cm i.d.) and used for computed X-ray microto-
mography (WCT X-ray) analysis. The scanning procedure was
performed with a SkyScan 1172 X-ray microtomography system
(Bruker, Kartuizersweg, Kontich,Belgium) following a three-
step process. The X-ray source was fixed at 100 kV and 100 pA,
and the distances between the base, samples, and camera were
adjusted to obtain a final resolution image of 12 pm via the 2K
detector mode with the camera standard image mode enabled.
Radiographic projection images were acquired in 0.3° steps from
0 to 360° (1200 projection images). The generated projections
were reconstructed with NRecon software (Vaz et al., 2011).

The image processing analysis of the reconstructed microto-
mographic images was performed with CTan software (Bruker).
Based on a set of bidimensional images (about 1000 “slices”), a
region of interest was defined, excluding approximately 2 mm
from the top, bottom, and edges of the scanned soil samples.
Image binarization was conducted by following a method by Otsu

(1979). The surface area, volume, and connectivity of soil pores
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were obtained from the set of binarized images. In addition, the
fractal dimension was calculated via the Kolmogorov method
and the degree of anisotropy was estimated according to Harrigan
and Mann (1984). The degree of anisotropy can be considered an
overall symmetry indicative of soil structure, in three dimensions,
ranging from 0 (totally isotropic) to 1 (completely anisotropic).
For each sample, seven “slices” of the binarized and cropped imag-
es were randomly selected to obtain the pore distribution in four
size classes (30-75, 75-500, 500-1000, and 1000-2500 pm).

Specific Surface Area

The superficial area was determined according to the
Brunauer—-Emmett—Teller N, mathematical model (Brunauer
et al,, 1938) with the linear part of a N, isotherm (between the
prcssureppo‘1 0.05 and 0.35). This is possible because N, is ab-
sorbed in contact with the samples at a temperature close to its
condensation, thus covering the solid surfaces in a monolayer of
calculated volume, recognizing the area occupied by the gas mol-
ecule (0.162 nm?) and the equilibrium pressure (Brunauer et al.,
1938). According to the Brunauer—Emmetc—Teller model, it is
possible to calculate the specific surface area of solids by knowing
the gas volume needed to cover a monolayer solid surface. A soil
mass of approximately 5 g was placed in a glass burette and at-
tached to the ASAP 2020 (Micromeritics, Norcross, GA) appa-
ratus at a temperature of ~195.15°C (liquid N bath). Afterward,
the samples were subjected to a vacuum treatment (degasifica-
tion) to remove moisture and physically adsorbed gases. Pore
distribution, including pores between 2.5 and 800 nm, was cal-
culated following the Barrett—Joyner—Halenda method (Barrett
etal., 1951).

Soil total porosity
Soil total porosity (TP) was determined in layers with 0 to
2.5,12.5 to 15, and 25 to 27.5 cm by the ratio between soil BD
and soil particles density (PD):

'rP:(l—%ggjloo- (3]

Pore size distribution was analyzed at both the nano-
meter and milimeter scale, applying the N, gas adsorption
technique (0.0025-0.08 pm) and pCT X-ray technique (30—
2500 pm). In accordance with Cameron and Buchan (2006),
the pores obtained by gas adsorption, such as cryptopores
(0.00025-0.05 pum), were classified as well as those acquired by
the pCT X-ray [ie., mesopores (3075 pm) and macropores
(three classes: 75-500 pm, 500-1000, and 1000-2500 pm)].
The ultramicropores (0-5 pum), and micropores (4-30 jpum) were
not quantified because they were lower than the image spatial
resolution of the pC'T X-ray images (considered here as 2.5 times
the image spatial resolution or pixel size of 12 jum). Quantified
cryptopores were divided according to methods used for their
calculation (Barrett—Joyner-Halenda), with pores between
2.5 and 800 nm, which were divided into four size classes: 2.4
to 20 nm, 20 to 50, 50 to 100 nm, and 100 to 800 nm.

Zeta Potential

The ZP was quantified to evaluate the surface charges of soil
colloids [the ZP is the net electric charge that develops in the plane
dividing the Stern layer and the diffuse layer at a given pH (Tan,
1998)]. Three grams of soil was mixed with 100 mL of distilled
water and then allowed to settle for 5 min to enable larger particle
decantation. An aliquot from the supernatant was used to quantify
ZP with Zetasizer Nano ZS equipment (Malvern Instruments)
with a voltage ranging from 50 to 150 mV. The apparatus mi-
croprocessor calculates the electrophoretic mobility of particles
by converting them into ZP, using the Smoluchowski equation,
which denotes a direct relation between ZP and electrophoretic
mobility (EM):

zp= 477

xEM , (4]

t
where V, represents the liquid suspension viscosity, D, is the di-
electric permissivity, and EM is the electrophoretic mobility at
the temperature.

Statistical Analysis

Treatment effects were assessed separately for each con-
ducted assay and layer via ANOVA and means comparison with
Tukey’s test at & = 0.05 (v = 0.15 for parameters of porous soil
system morphology). Statistical analysis with confidence interval
at p = 0.15 (Payton et al., 2000) was done for water-dispersed
clay, PR, and total porosity. The minimum significant difference
at = 0.05 was done for soil density. Finally, the specific surface
area and soil pore size distribution were evaluated uniquely at

each sample’s SD.

RESULTS
Oxisol Characterization

The study soil is a sandy clay loam with 58% sand, 32% clay,
10% silt, and a particle density of 2670 kg m™ (Table 1) and the
Table 1. Some physical, chemical, and mineralogical attri-

butes of the Oxisol studied, collected from a native system
(horizon A, depth 0-15 cm).

Soil attribute Unit Value
Clay kg kg 0.32
Silt 0.10
Sand 0.58
Particle density kg m-3 2.67
Organic matter kg kg 0.26
pH (CaCl,) 4.20
Phosphorus mg kg1 20.00
Exchangeable P mmol_ kgt 1.50
Exchangeable Ca 17.00
Exchangeable Mg 10.00
Exchangeable Al 12.00
Potential acidity 96.00
Sum of bases 28.00
Cation exchange capacity 124.00
Base saturation % 28.00
Kaolinite in clay fraction kg kg 0.56
pH at PZC (clay fraction)t 5.20

t PZC, point of zero charge
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Fig. 1. X-ray diffraction (XRD) pattern of the clay fraction extracted from
an Okxisol collected in the A horizon (depth: 0-15 cm) in a noncultivated
area. HE, hydroxyl-interlayered; K, kaolinite; Hm, hematite.

mineralogy consisted mainly of kaolinite (56%), hematite, and
hydroxyl-interlayered 2:1 minerals (Fig. 1).

pH and ZP

The addition of agricultural lime on the surface, indepen-
dently of its quantities, increased soil pH to values to above 7.3,
and increased soil colloid ZP in the 0- to 2.5-cm layer (Table 2).
When the lime was incorporated into the 0- to5-cm layer, a lime
dose equivalent to 1 SMP elevated both pH and ZP values in the
topsoil layer (0-2.5 cm) as well. However, the 2 SMP dosage aug-
mented the pH in both the 0- to 2.5-cm and 5.0- to 7.5-cm layer

and the colloidal ZP in the 0- to 2.5-cm layer but, unlike surface ap-
plication, even the 2 SMP did not increase pH values beyond 7.3.
Straw incorporation into the layer within 0 to 5 ¢m did not
affect pH values but significantly raised the ZP of soil surface
colloids down to 7.5 ¢m depth, depending on the application
rate. This ZP increase on the soil colloids” surface was directly
influenced by the water pH increase, principally in the soil that
received surface lime addition and incorporation (Fig. 2A, B).

Water-Dispersible Clay

The addition of lime at the soil surface, independent of
quantity, promoted an increase in water-dispersible clay concen-
trations in the 0- to 2.5-cm and 5.0- to 7.5-cm soil layers (Fig. 3A,
D). Lime incorporation (0-5 cm) increased the concentration of
RDC in all layers in the 0- and 15-cm depth range, especially
at 0 to 2.5 cm and 5 to 7.5 em (Fig. 3B, E). On the other hand,
incorporating straw (0-5 cm layer) did not alter the concentra-
tion of water-dispersible clay in the incubated Oxisol (Fig. 3C;
3F). The water-dispersible clay concentration in soil was directly
influenced by the pH values of the soil water (Fig. 4).

Soil BD, PR, and total porosity

Both the addition of lime at the soil surface and incorpo-
ration of straw into the 0- to 5-cm layer did not significantly
change BD values (Fig. SA, C), PR (Fig. 6A, C) or total porosity
(Fig. 6D, F). Lime incorporation into the 0- to 5-cm layer, how-
ever, reduced BD in the 0- to 3-cm layer and increase it in the
12- to 20-cm soil stratum (Fig. 5B). The magnitude and depth of
these effects were highest for the 2 SMP treatment (Fig. 5B) and
resulted in concomitant decreases in total porosity and increased

soil PR at the 12- to 20-cm depths (Fig. 6B, E).

Table 2. Soil pH in water and { potential of the disperse clay fraction extracted 1 yr after incubation with different doses of CaCO,
and straw.

Soil pH in water ¢ Potential (-mV)
depth, cm Doses of limestone applied on the surface Doses of the limestone applied on the surface
0 SMP 0.5 SMP 1 SMP 2 SMP CV% 0 SMP 0.5 SMP 1 SMP 2 SMP CV%
0-2.5 5.97bt 7.37a 7.57a 7.92a 6.27 16.61b 23.48a 21.99a 23.65a 5.86
5.0-7.5 6.15a 6.31a 6.33a 6.31a 6.21 19.20a 20.58a 20.03a 21.66a 12.89
12.5-15.0 5.94a 6.20a 6.46a 6.07a 6.62 19.79a 21.08a 19.52a 20.87a 13.94
17.5-20.0 5.83a 6.23a 6.13a 6.22a 5.52 20.52a 20.62a 19.51a 20.66a 18.04
25.0-27.5 5.81a 5.85a 6.20a 6.02a 6.65 21.25a 21.40a 21.09a 20.41a 10.36
Doses of limestone applied to the 0-5-cm layer Doses of limestone applied to the 0-5-cm layer
0 SMP 0.5 SMP 1 SMP 2 SMP CV% 0 SMP 0.5 SMP 1 SMP 2 SMP CV%
0-2.5 5.97b 6.62ab 7.20a 7.22a 7.75 16.61b 19.58ab 22.70a 23.22a 9.49
5.0-7.5 6.15b 6.55ab 6.79ab 6.93a 5.56 19.20a 20.36a 21.71a 23.19a 11.44
12.5-15.0 5.94a 6.12a 5.98a 6.26a 6.72 19.79a 20.72a 20.89a 20.44a 9.41
17.5-20.0 5.83a 6.04a 6.20a 6.16a 6.72 20.52a 19.85a 19.89a 19.52a 15.54
25.0-27.5 5.81a 6.11a 5.99a 6.03a 6.35 21.25a 20.58a 20.01a 21.11a 15.66
Doses of straw applied to the 0-5-cm layer Doses of straw applied to the 0-5-cm layer
0Mgha' 4Mgha' 12Mgha' 16 Mgha'  CV% 0Mgha' 4Mgha' 12Mgha' 16 Mgha'  CV%
0-2.5 5.97a 6.29a 6.23a 6.07a 5.57 16.61b 22.74a 24.01a 25.21a 6.14
5.0-7.5 6.10a 6.22a 6.12a 6.19a 5.82 19.20b 22.59ab 22.87ab 24.88a 11.04
12.5-15.0 5.94a 6.04a 6.12a 6.20a 6.77 19.79a 20.95a 19.75a 21.00a 8.33
17.5-20.0 5.83a 5.97a 6.01a 6.10a 7.51 20.52a 20.23a 20.68a 21.33a 14.60
25.0-27.5 5.81a 5.99a 5.96a 5.96a 6.51 21.25a 19.97a 20.42a 20.92a 11.97

t Numbers followed by the same letter within the same row do not differ, based on Tukey’s test at 5% probability.
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Computerized X-Ray
Microtomography

Pore morphological attri-
butes measured by pCT X-ray
image analysis were not signifi-
cantly influenced (p > 0.15) by
surface lime addition or straw in-
corporation into the 0- to 5-cm
layer (Table 3). Conversely, ap-
plication of lime into the 0- to
5-cm layer significantly modified
(p > 0.15) soil pore morphology
(Table 3), with higher applica-
tions reducing pore surface area
at depths of 0 to 2.5 cm (Fig.
7A) and 15.0 to 17.5 cm (Fig.
7B), and also reducing porous
anisotropy degree (Fig. 7C) and
porous connectivity (Fig. 7D) at
adepth of 15.0 to 17.5 cm.

Pore-Size Distribution
and Specific Surface Area
Surface addition of lime
did not affect pore size dis-
tribution in the soil stratum
within the 15- to 17.5- and
25- to 27.5-cm depths (Fig.
8B, C). Nonetheless, surface
lime concentrations in the 0-
to 2.5-cm layer decreased the
1000- to 500-pm pore fraction
and increased the 75- to 100-
pm pore fraction (Fig. 8A).
Furthermore, it reduced the
volume of pores between 0 and
20 nm (Fig. 9A). Incorporation
of lime into the 0- to 5-cm layer
altered pore size and distribu-
tion in the 0- to 2.5- and 15- to
17.5-cm layers, with a decrease
in larger diameter pores (1000
2500 pm) and an increase in
75- to 100-pum pores (Fig. 8D,
E) but not those between 0 and
800 nm (Fig. 9B, C). There was
no effect of agricultural lime
in the 25- to 27.5-cm soil layer
(Fig. 8F, Fig. 9D), nor did straw
addition change soil pore dis-
tribution (Fig. 8G-I).
The addition of agricul-

tural lime, incorporated or not,
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Fig. 2. Zeta potential (ZP) of the dispersed clay particles as a function of pH (in water), after 1 yr of
incubation with varying doses of CaCO, applied on the soil column surface (A) or incorporated to a depth
of 0 to 5cm (B), and varying amounts of straw incorporated to a depth of 0 to 5cm (C). Graph (D) includes
all data points. ***, significant at p = 0.001; *, significant at p = 0.05.
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Fig. 3. Readily dispersible clay in water (RDC) and mechanical dispersible clay in water (MDC) of an Oxisol
after 1 yr of incubation with varying doses of CaCO, applied to the soil column surface (A and D) or
incorporated to a depth of 0 to 5 cm (B and E) and varying amounts of straw incorporated to a depth 0 to
5 cm (C and F). Horizontal bars indicate the confidence intervals (p = 0.15) for the mean values.
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Fig. 4. Readily dispersible clay in water (RDC) and mechanical
dispersible clay in water (MDC) as a function of the soil pH in water.
Data displayed are from the three experiments (CaCO, applied at the
surface, incorporated CaCO;, and incorporated straw). **, significant
atp = 0.01.

had no significant effect on soil surface area at any depth layer

(Fig. 10A, B).

DISCUSSION

The surface application of agricultural lime at 0.5, 1, and 2
times the SMP index resulted in a pH increase in the 0- to 2.5-cm
layer (7.3; Table 2) to values higher than those recommended for

the majority of agricultural crops. Likewise, lime incorporation in

BD (g cm™)
10 11 12 13 14 10 11

BD (g cm=)

the 0- to 5-cm stratum elevated pH to values of about 7.0 in the
0- to 7.5-cm layer (‘Table 2). This overliming in the surface layer
was contrasted with inadequate pH benefits in the lower layers.

Higher pH levels were associated with an increase in ZP on
soil colloid surfaces through colloid surface deprotonation (Table
2; Fig. 2), especially with the dominant kaolinite minerals (Tan,
1998; Aydin et al., 2004; Alkan et al., 2005). Even though kaolin-
ite is formed by two basal layers that, in theory, are electrically
neutral- onesilicon tetrahedral and one aluminum octahedral- it
is estimated that 10% of its total surface is covered by external sur-
faces and broken edges with reactive OH groups. Kaolinite PZC
is relatively low (between 2.8 and 4.8; Tschapek et al., 1974), and
soil pH increases (to about 7.5 in the present study) cause depro-
tonation of surface edges, increasing the liquid negative electric
charge of soil in layers where CaCOj has accumulated (Table
2). This electrostatic potential increase reduces attraction forces
between kaolinite, and both Fe and Al oxides and enhance the
repulsion forces between colloids (Ramos and McBride, 1996).
As a result, colloidal suspension stability decreased (Tan, 1998).

The lime, depending on the amount, can generate dispersion
in Oxisols, aside from the direct effect on pH (Fig. 4), resulting
in AP* substitution by Ca?* caused by AI>* hydrolysis and pre-
cipitation (Fontes et al., 1995). In the soil solution, AB* forms a
diffuse double layer that interacts synergistically with kaolinite,
promoting clay flocculation (Roth, 1992). This phenomenon,
in conjunction with organometallic compound formation, is the
principal factor for aggregate stability in highly weathered soils
(Barral et al., 1998; Six et al., 2000). Hence, the reduced Al cation
activity further exacerbates soil colloids’ electronegativity (Ramos
and McBride, 1996) and stimulation of clay dispersion in these
highly weathered soils (Fig. 3; Tama and El-Swaify, 1978).

This confirms that the lime concentration in the topsoil layer
causes structural degradation in cultivated Oxisols resulting from
clay dispersion (Fig. 3). Besides these results, several other studies,
developed under field and laboratory conditions, have indicated

BD (g cm)
12 13 14 10 11 12 13 14

Depth (cm)

o
a =

Fig. 5. Soil bulk density (BD) quantified by y-ray attenuation at 2-mm intervals in the soil column profile. (A) CaCO, applied to the soil surface, (B)
CaCOj applied to a depth of 0 to 5 cm, and (C) straw applied to a depth of 0 to 5 cm. Horizontal bars represent the least significant difference (p = 0.05).
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Fig. 6. Soil resistance to penetration (RP) and soil total porosity (TP) in an Oxisol after 1 yr of incubation with varying doses of CaCO; applied on
the soil column surface (A and D) or incorporated to a depth of 0 to 5cm (B and E), and varying amounts of straw incorporated to a depth of 0 to
5cm (C and F). Horizontals bars indicate the confidence intervals (p = 0.15) for the mean values.

that excessive liming could result in clay dispersion

(or lower ameter pores (1000-2500 pm) in layers where clay dispersion or

structure stability) in highly weathered soils such as Oxisols [for migration was observed (Fig. 8A, D, E).

example: Ghani etal,, 1955; Kamprath, 1971; Jucksch,
1987; Roth and Pavan, 1991; Gjorup, 1992; Fontes
et al,, 1995; Spera et al., 2008 (under laboratory con-
ditions); Pecle et al., 1939; Castro and Logan, 1991;
Soprano, 2002; Nunes et al., 2017 (under field condi-
tions)]. After being dispersed in the soil surface layer,
water-suspended clay could create undesirable effects
such as surface crust formation, soil fertility loss, and
water pollution (Stern et al., 1991; Etana et al., 2009).
In addition, dispersed clay can move into the soil pro-
file with percolating water (Jacobsen et al., 1997; Etana
et al., 2009), and generate increased soil density (12—
20 cm, Fig. 5B), pore obstruction, PR (Fig. 6B), and
total porosity diminution (Fig. 6E) in lower soil layers.
Clay migration has also reduced specific surface area
(Fig. 7A and 7B), degree of anisotropy (Fig. 7C), and
pore system continuity (Fig. 7D), and affected large di-

Table 3. ANOVA of the soil pore morphological attributes of an Oxisol incubated
with different doses of CaCO; (on the surface or 0-5 cm depth) and straw incor-
porated to a depth of 0 to 5 cm, measured by microCT image analysis.t

Soil depth TPVpCT PSA AD CP
cm P>F CV% PGGFH CV% PG>FH CV% P(G>H CV%
Doses of limestone applied on the soil surface
0-2.5 0.966 14.52 0.665 10.40 0.880 12.72 0.570 37.95

15.0-17.5 0.926 10.58 0.548 7.48 0.864  5.11 0.240 13.55
25.0-27.5 0.869 13.32 0.797 10.47 0.989 9.73 0.995 21.45
Doses of limestone applied to the 0-5 cm soil layer
0-2.5 0.314 11.24 0.092 13.88 0.977 22.69 0.861 24.89
15.0-17.5 0.923 12.22 0.149 10.82 0.145 36.42 0.037 13.17
25.0-27.5 0.439 12.34 0.952 12.24 0.938 73.22 0.960 25.45
Doses of straw applied to the 0-5 cm soil layer
0-2.5 0.378 11.84 0.708 14.11 0.599 8.75 0.838 19.01
15.0-17.5 0.582 10.30 0.157 18.20 0.991 24.93 0.537 22.40
25.0-27.5 0.756  9.12 0.880 11.61 0.976 12.50 0.967 26.35
t TPV ¢y, total accessed porosity; PSA, pore surface area of the accessed porosity; A,
degree of anisotropy in the porous system; PC, connectivity of the soil porous system.
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20 1 20 1 (8) Liming that promotes clay dispersion

18 4 18 - and migration in the soil profile is therefore

"’-‘; ‘;‘; causing alterations in Oxisol’s physical and
£ 16 1 £16 1 functional properties under cultivation, also
E, 14 | E, 14 documented through decreases in water in-
E E’ filtration rates (Peele et al., 1939; Roth and
L A Pavan, 1991) and soil permeability (Ghani et

10 10 - al., 1955; Kamprath, 1971). This is also a con-
Zero 1/2SMP 1SMP  2SMP Zero 1/2SMP 1SMP  2SMP tributing factor in the formation of a dense

e . =T 3 (D) subsurface layer observed in Oxisols after years
e - i 4 ab ) of conventional farming or no-tillage (Jucksch,
e ab % g 1987; Roth, 1992; Fontes et al., 1995; Soprano,
S030 - b % 2002). In this process, there is a dispersive en-
2 g2 vironment in the soil surface layer, caused by
£ l 1 - overliming, and an aggregating environment in
0.00 4 0 the subsurface layer, where the lime could not
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. . . . . . . to the subsurface layer, the clay can aggregate
Fig. 7. Soil pore morphological attributes of an incubated Oxisol, obtained by computed

microtomography (uCT) image analysis 1 yr after CaCO; application to a depth of 0 to 5 cm.
PSA, pore surface area in soil cores collected at 0 to 2.5 cm (A) and 15.0 to 17.5 cm in the soil  (Fig. 5) and the degradation of soil functional
columns (B); AD, degree of soil pore anisotropy at 15.0 to 17.5 cm (C); PC, pore connectivity properties as previously mentioned (Fig. 6, Fig.
at 15.0 to 17.5 cm (D).
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Fig. 8. Pore size distribution obtained by computed microtomography (uCT) image analysis of an Oxisol incubated with CaCO, applied on surface
(A: samples collected at 0-2.5 cm, B: 15.0-17.5 ¢cm, C: 25.0-27.5 cm), incorporated in depth 0-5 cm soil (D: samples collected at 0-2.5 cm, E:
15.0-17.5 cm, F: 25.0-27.5 cm) and straw incorporated in depth 0-5 cm (G: samples collected at 0-2.5 cm, H: 15.0-17.5 cm, I: 25.0-27.5 cm).
Vertical bars indicate the standard deviation.
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cm). Vertical bars indicate the SD.

7,and Fig. 8). These outcomes influence a soil’s capacity to provide
water and oxygen to plants (Ball etal.,, 1998) and are deleterious to
environmental functioning.

Incorporating straw into the surface layer (0-5 cm) did
not improve soil structure because of the short-term nature of
the experiment, but augmented soil colloids’ electronegativity
(Table 2). This presumably resulted from reactive groups’ disso-
ciation of organic matter (Benites and Mendonga, 1998) and or-
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ganic anion adsorption to soil mineral colloids, which increases
negative colloidal charges (Coleman et al., 1989). The effect of
organic matter on Oxisols’ electrochemical properties and soil
dispersion have been observed in other studies (Benites and

Mendonga, 1998; D’Acqui et al., 1999).
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Fig. 10. Specific surface area (SSA), obtained by Brunauer-Emmett-Teller analysis, of an Oxisol incubated with CaCO, applied on the surface (A:
samples collected at 0-2.5 cm) and incorporated to a depth of 0 to 5 cm (B). Vertical bars indicate the SD.
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CONCLUSIONS

The results of this study show that the addition of agricul-
tural lime at high doses on the surface of Oxisol, or lime incor-
porated into the topsoil layer (0-5 cm) significantly increased
the pH and electronegativity of the soil system and resulted in
clay dispersion in the topsoil layer. The resulting clay migration
into the soil profile led to a series of structural alterations in sub-
surface layers, including increased density and PR, pore filling,
obstruction and continuity, specific surface area, and degree of
anisotropy. Soil can be enhanced by the implementation of the
management practices of productive agricultural system, notably
no-tillage, surface residue retention, and liming. However, over-
liming could also lead to the degradation of highly weathered
soil structures. Therefore, liming (rate and application methods),
mainly under no-till system, need to consider both the type and
mineralogy of the soil, as well as possible soil structure degrada-

tion promoted by overliming in the uppermost soil layer.
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