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DIVISAO 1 - SOLO NO ESPACO E NO TEMPO

Comissao 1.1 - Génese e morfologia do solo

MINERALOGY OF THE CLAY FRACTION OF ALFISOLS IN
TWO SLOPE CURVATURES. III - SPATIAL VARIABILITY

Livia Arantes Camargo(2), José Marques Junior® & Gener Tadeu Pereira®

SUMMARY

A good knowledge of the spatial distribution of clay minerals in the landscape
facilitates the understanding of the influence of relief on the content and
crystallographic attributes of soil minerals such as goethite, hematite, kaolinite
and gibbsite. This study aimed at describing the relationships between the mineral
properties of the clay fraction and landscape shapes by determining the mineral
properties of goethite, hematite, kaolinite and gibbsite, and assessing their
dependence and spatial variability, in two slope curvatures. To this end, two 100
x 100 m grids were used to establish a total of 121 regularly spaced georeferenced
sampling nodes 10 m apart. Samples were collected from the layer 0.0-0.2 m and
analysed for iron oxides, and kaolinite and gibbsite in the clay fraction. Minerals
in the clay fraction were characterized from their X-ray diffraction (XRD)
patterns, which were interpreted and used to calculate the width at half height
(WHH) and mean crystallite dimension (MCD) of iron oxides, kaolinite, and
gibbsite, as well as aluminium substitution and specific surface area (SSA) in
hematite and goethite. Additional calculations included the goethite and hematite
contents, and the goethite/(goethite+hematite) [Gt/(Gt+Hm)] and kaolinite/
(kaolinite+gibbsite) [Kt/(Kt+Gb)] ratios. Mineral properties were established by
statistical analysis of the XRD data, and spatial dependence was assessed
geostatistically. Mineralogical properties differed significantly between the convex
area and concave area. The geostatistical analysis showed a greater number of
mineralogical properties with spatial dependence and a higher range in the convex
than in the concave area.

Index terms: iron oxides, kaolinite, gibbsite, goethite, hematite, relief.
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RESUMO: MINERALOGIA DA FRACAO ARGILA DE UM ARGISSOLO EM
CURVATURAS DO RELEVO. III - VARIABILIDADE ESPACIAL

O conhecimento da distribuicdo dos minerais da fracdo argila na paisagem permite o
entendimento da influéncia do relevo no teor e nos atributos dos minerais como goethita,
hematita, caulinita e gibbsita. Buscando entender as relagoes entre os atributos dos minerais
da fragao argila e as formas da paisagem, o presente trabalho tem como objetivo caracterizar
os atributos dos minerais da fra¢do argila - goethita, hematita, caulinita e gibbsita - bem
como, avaliar a variabilidade espacial dos mesmos em duas curvaturas. Uma malha de
dimensdo de 100 x 100 m foi delimitada em uma drea caracterizada pela forma convexa e
outra em uma drea caracterizada pela forma céncava. As malhas possuiam espacamento
regular de 10 x 10 m e os pontos de cruzamento deste espacamento determinaram os pontos de
coleta das amostras, num total de 121 pontos amostrais georreferenciados em cada malha.
Ameostras para determinagdo dos éxidos de ferro e dos minerais caulinita e gibbsita da fracdo
argila foram coletadas na profundidade 0,0-0,2 m. As amostras das dreas concavas e convexas
foram submetidas a separacdo da fracao argila do solo e posteriormente ao processo de
concentracdo dos 6xidos de ferro para caracterizacdo da hematita e goethita e ao processo de
remocgdo dos 6xidos de ferro para caracterizacdo da caulinita e gibbsita. A caracterizac¢do dos
minerais da fragao argila foi realizada por reflexos da difra¢do de raios-X. Os difratogramas
foram interpretados e calculados os valores da largura a meia altura (LMA), didmetro médio
do cristal (DMC) dos 6xidos de ferro e da caulinita e gibbsita e substitui¢ao isomdrfica (SI) e
drea de superficie especifica (ASE) da hematita e goethita. Foram também calculados os teores
da goethita e hematita, razdo goethita / (goethita+hematita) [Gt | (Gt+Hm)] e razdo caulinita /
(caulinita+gibbsita) [Ct/(Ct+Gb)]. Realizou-se a andlise estatistica a avaliacdo da
variabilidade espacial por meio da geoestatistica. Os atributos mineraldgicos apresentaram
diferenca significativa entre as dreas convexa e concava. Na andlise geoestatistica observou-se
um maior niimero de atributos mineraldgicos com dependéncia espacial e os maiores valores

de alcance na drea convexa em relac¢do a drea concava.

Termos de indexacdo: 6xidos de ferro, caulinita, gibbsita, goethita, hematita, relevo.

INTRODUCTION

In previous studies, Camargo et al. (2008a,b) and
Camargo et al. (2013) found the spatial dependence of
mineralogical properties in hematite, goethite,
kaolinite and gibbsite to correlate with small
variations in relief and evaluated the influence of these
minerals on soil aggregates and available phosphorus.
This study presents more detailed findings about the
spatial dependence of clay minerals and the correlation
between physical properties, providing additional
information on Alfisols in 200-ha areas with
representative slope curvatures. This information will
be useful for future mapping of co-varied attributes of
clay minerals in areas of commercial agricultural
production.

The clay fraction of weathered tropical soils
typically contains abundant 1:1 clay minerals, aside
from iron and aluminium oxides and hydroxides.
According to Schwertmann & Taylor (1989), goethite
and hematite are the most frequent iron oxides in
soils from tropical and subtropical regions. Some
authors have studied the mineralogical features of the
clay fraction in Brazilian agricultural soils. For
example, Coelho & Vidal-Torrado (2003) studied
kaolinite, hematite, goethite, gibbsite and anatase in
the clay fraction of an Alfisol developed from sandstone
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of the Bauru Group, and Marques Junior & Lepsh
(2000) examined an Alfisol from the same group in
the region of Monte Alto, Sao Paulo, and found
abundant contents of gibbsite and particularly of
kaolinite.

Several authors have reported variations in the
crystallographic attributes of iron oxides
(Schwertmann & Kampf, 1985; Schwertmann &
Carlson 1994; Inda Jdnior & Kampf, 2005;
Wiriyakitnateekul et al., 2007). These variations have
been ascribed to the formation of iron oxides determined
by the prevailing soil-environmental conditions
(Schwertmann & Fischer, 1966; Torrent et al., 1982;
Schwertmann & Murad, 1983; Kampf & Curi, 2000).
In fact, environmental variations are known to lead
to varying degrees of crystallinity of goethite and
hematite. Also, hematite tends to have more uniform
properties than goethite since hematite is formed from
ferrihydrite in the solid state and goethite in the soil
solution, which is why the influence of the particular
environmental conditions on hematite is stronger
(Schwertmann, 1985; Schwertmann & Taylor 1989;
Singer et al., 1998; Inda Junior & Kampf, 2005).
Variations in mean crystallite dimension were also
observed for kaolinite and gibbsite. Thus, Camargo
et al. (2008a) found that the mean crystallite
dimension ranged from 22 to 58 nm in kaolinite, and
79 to 99 nm in gibbsite, in a 1-ha Oxisol area.
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Relief is considered an influential factor in the
formation of clay minerals. Its relationship with
crystallinity in these minerals has been the subject
of much research. Mineralogy and auxiliary data can
be useful to develop models for describing slope—
hydrological processes at different spatial scales and
interpreting soil properties in a geographic setting
(Wilson et al., 2010). At the local scale, mineralogical
differences reflect the effects of soil formation processes
and of factors contributing to the formation of a
landscape.

Moniz & Buol (1982) found hematite and goethite
to be the predominant iron oxides in soil in most of
the high and low portion, respectively, of the studied
relief. Curi & Franzmeier (1984) found goethites with
smaller crystallite sizes and higher kaolinite
concentrations at lower positions in an Oxisol
toposequence in the state of Goias. Brito et al. (2006)
reported a predominance of gibbsite in an area with a
concave shape compared to another with a linear
shape, containing kaolinite among the clay fraction
minerals, in an Oxisol from the state of Sdo Paulo.
Campos et al. (2007) examined the influence of
geomorphic surfaces in an Oxisol on the ratio of
kaolinite/(kaolinite+gibbsite). Reatto et al. (2008)
verified the influence of topography and hydric fluxes
on the kaolinite and gibbsite contents of an Oxisol
toposequence in Brazil.

Just as important as determining the mineral
properties of the clay fraction is to understand their
dependence and spatial variability in the landscape
since this deepens the understanding of the
environments of mineral formation and the cause-
effect relationships between mineralogical properties
and other soil characteristics. Some authors have
related spatial variability in soil properties to
landscape and small variations in relief (Souza et al.,
2006; Campos et al., 2007). Cunha et al. (2005)
demonstrated correlation between mineralogical
properties, iron contents and various geomorphic
surfaces.

Conventional statistical delineation has been
successfully used to assess soil properties by means
of straightforward sampling units located in relatively
small areas that were fairly uniform in terms of soil
properties. However, conventional statistics are useless
when experiments involving extensive heterogeneous
landscapes are required (Bishop & Lark, 2006).
According to Pennock & Veldkamp (2006), advances
in spatialization techniques for soil properties have
facilitated the assessment of soil heterogeneity in the
landscape. One of the possibilities to describe the
dependence and spatial variability of soil properties is
the technique of geostatistics based on semivariograms
and kriging (Trangmar et al., 1985; Vieira, 2000). As
shown by McBratney et al. (2003), the combined use
of these techniques and the digital model of elevation
provide an understanding of the distribution of soil
properties and cause-effect relationships in their
patterns. Oliveira Junior et al. (2011) found spatial
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variability of clay mineralogy in an area of 12.88 ha
and concluded that geostatistics analysis is the most
indicated to determine the best patterns of soil
sampling to assess these attributes.

The spatialization of the mineralogical properties
of the clay fraction in the slope curvatures is a
necessary preliminary step to understand the
relationship between the minerals and variations in
soil properties with a view to the transference of this
knowledge to areas with a similar relief. Also, the
large number of processable samples with geostatistics
facilitates evaluation of not only spatial variability,
but also mineral crystallinity - which is often neglected
in conventional delineation techniques for the
assessment of soil minerals (Camargo et al., 2013).

To date, few studies have been published on the
spatial characterization of minerals in the clay fraction
and their relationship and correlations with reliefin
soils with low iron content (e.g. Ultisols and Alfisols
from the northern region in the Brazilian state of Sao
Paulo),

The purpose of this study was to characterize the
properties of the clay minerals goethite, hematite,
kaolinite, and gibbsite, and to assess their dependence
and spatial variability in slope curvatures.

MATERIAL AND METHODS

Study area

The study area was located in Catanduva, a
municipality in the north-west of the state of Séo
Paulo, Brazil, (latitude 21° 05' 57.11" S, longitude
49° 01' 02.08" W, 503 m a.l.s.). The Aw climate
(Koppen classification) of the region is hot humid,
tropical, with dry winters, a mean annual rainfall of
1,350 mm, a mean annual temperature of 23 °C,
maximum and minimum temperatures of 22 and
18 °C, respectively, and average relative air humidity
of 74 %. The primary vegetation is seasonal rain forest
and Cerrado (Brazilian savanna). The current use is
mainly for sugarcane with a green harvesting system
(burning and cutting cane when still green), in use
for over 20 years.

The soil parent material is sandstone from the
Bauru Group, in the Adamantina Formation (IPT,
1981). This formation contains refined sediments, and
according to Suguio (1973) and Castro (1989), its
minerals are mostly rich in silicon and poor in iron.

The area was surveyed by aerial photography at a
scale of 1:35,000, with topographic profiling, and
geomorphologic and pedological field classification. The
soil was classified as Typic Hapludalf (Soil Survey
Staff, 1999) (Table 1). The slope curvatures were
classified from field measurements as described by
Troeh (1965), using an elaborate digital elevation
model (DEM) (Figure 1). Two different morphological
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Table 1. Physical and chemical properties of horizons A + E and Bt in the two selected areas

Hor. Depth Munsell color FS CS Silt Clay pH/(CaCl,) OM SB CEC BS 8SiO, ALO; Fe,0O,
cm moist g kgt gdm® mmol, dm® % gkgl —
Profile of the concave area (Typic Hapludalf)
A+E 39 5YR 3/2 698 149 106 47 4.8 13 29 52 56 12 35 20
Bt 60 2.5YR 3/4 627 113 187 165 4,2 10 36 63 57 20 115 27
Profile of the convex area (Typic Hapludalf)
A+E 30 5YR 3/3 773 69 112 46 4.8 15 28 53 52 13 40 30
Bt 60 2.5YR 4/4 531 42 162 265 55 11 32 61 54 21 110 40

Hor.: horizont; F'S: fine sand; CS: coarse sand; OM: organic matter; SB: sum of bases; CEC: cation exchange capacity; BS: base

saturation.
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Figure 1. Digital elevation model (DEM) for the study area and sampling sites (+). The arrows in the center

represent surface water flow.

areas were observed: one with convex and the other
with concave slope curvatures. The annual soil loss
from the convex area was 9.32 t hal and 7.21 t ha!
from the concave area.

Soil samples were collected from the 0.0-0.2 m
layer at intersection points on a 100 x 100 m
georeferenced grid, with regularly spaced nodes (10 x
10 m) at a representative location of each area.

Mineralogical analyses

The soil samples were treated with 0.5 mol L1
NaOH under mechanical agitation for 10 min to

R. Bras. Ci. Solo, 37:295-306, 2013

facilitate particle dispersion. After this initial
treatment, the sand fraction was sieved through a
0.05 mm mesh. Silt and clay fractions were separated
by centrifugation at 1,600 rpm for a period according
to the temperature of each sample at the time of
analysis.

The clay suspension was flocculated with
concentrated HCI and centrifuged at 2,000 rpm for
2 min. Next, iron oxides were removed from the clay
fraction by extraction with dithionite-citrate-
bicarbonate (DCB) according to Mehra & Jackson
(1960) and analysed for kaolinite (Kt) and gibbsite (Gb).
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Iron oxides and oxyhydroxides (goethite and
hematite) were determined by previously
concentrating the clay fraction with iron oxides, using
the method of Norrish & Taylor (1961), modified by
Kampf & Schwertmann (1982).

X-ray diffraction patterns were obtained from
samples prepared with the powder method, using an
HGZ instrument equipped with a cobalt anode and
an iron filter for hematite (Hm) and goethite (Gt)
diffractions, and a copper anode with a nickel filter
for Kt and Gb diffractions (Ka radiation, 20 mA,
30 kV). A scanning speed of 1°26 per min, and an
amplitude of 23-49° for hematite (012 and 110) and
goethite (110 and 111), and of 11-19° for kaolinite (001)
and gibbsite (002) were used.

The mean crystallite dimension (MCD) of Kt and
Gb was calculated from the width at half height
(WHH) and the position of the reflections for the
minerals Kt (001) and Gb (002), whereas for Hm and
Gt, MCD was calculated from the WHH and the
positions of the Hm (110) and Gt (110) reflections.
The MCD was calculated by the Scherrer equation
(Schulze, 1984). Aluminium substitution (AS) in
goethite was calculated from the equation proposed
by Schulze (1984) and AS in hematite from an
equation of Schwertmann et al. (1979).

The kaolinite/(kaolinite+gibbsite) [Kt/(Kt+Gb)]
ratio was calculated from the areas for the Kt (001)
and Gb (002) reflection, and the goethite/
(goethite+hematite) [Gt/(Gt+Hm)] ratio from the areas
for the hematite (012) and goethite (110) reflections,
in the XRD patterns. The peak area for goethite (110)
was multiplied by a factor of 0.35 because the intensity
of the hematite (012) reflection was 35 % (Kampf &
Schwertmann, 1998). To obtain the Gt content, Fe
content extracted by dithionite-citrate-bicarbonate
(Mehra & Jackson, 1960) was multiplied by the ratio
Gt/(Gt+Hm) and 1.59. The hematite content was
determined as described by Dick (1986).

The specific surface area of goethite [SSA(Gt),
m?2 g1] was estimated according to Schulze &
Schwertmann (1984) and that of hematite [SSA(Hm),
m? g1] according to Schwertmann & Kampf, 1985.

SSA(Gt)=(1049/MCD;) -5 @)
where MDC1 = 0.42 MCDy;;10 (nm) (Kémpf, 1981).
SSA(Hm) = 2 (r+h)d 2)

wherer = (071/2) MCDhmllO; h=0.59 MCDHm012 and
d=5.26 g cm3 (Schwertmann & Kampf, 1985).

Statistical analyses

Experimental data were subjected to descriptive
statistical analysis involving calculation of the mean,
median, variance, standard deviation, asymmetry,
kurtosis, maximum, minimum, coefficient of
variation, and type of distribution. The differences in
mean value between areas were calculated by Student’s
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t test. All analyses were performed using software
Minitab 14 (Minitab, 2000). The spatial variability
pattern was determined by geostatistical analysis
(Vieira, 2000), using GS+ from Gamma Design
Software (1998), to fit the models.

RESULTS AND DISCUSSION

The analysis of the morphological properties of the
two soil profiles revealed only slight differences and
indicated the presence of hematite in the clay fraction,
even though the Fe,O3 content was relatively low (20-
40 g kg'1) (Table 1).

Although the soils in the two areas belong to the
same class, the thickness of the A+E horizon was
smaller and the clay content of the Bt horizon greater
in the convex area. This result can be ascribed to
higher erosion from the convex than from the concave
area.

The mineral properties of the grid points were
subjected to a preliminary descriptive analysis (Tables
2 and 3). The hematite (Hm) and goethite (Gt) contents
in the concave and convex areas are shown in table 2.
Hematite was the most abundant Fe oxide, as
confirmed by the low values of the goethite/
(goethite+hematite) ratio [Gt/(Gt+Hm)] (Table 2).

Hematite also had the smallest width at halfheight
(WHH) and greatest mean crystallite dimension
(MCD) of the Fe oxides in both areas. In fact, its MCD
was somewhat higher than that of Gt (110) (Table 2).
These results are consistent with those of Fontes &
Weed (1991), who found hematite to be generally more
crystalline than Gt.

Aluminium substitution (AS) in Hm and Gt in both
areas (Table 2) was consistent with previous results
of Gualberto et al. (1987) and Inda Junior & Kampf
(2005). However, the peak values differed. Thus, the
aluminium substitution of Gt was greater and MCD
smaller than Hm as a result of Fe3* substitution by
Al3*, causing cell contraction and leading to a reduced
crystallite size (Norrish & Taylor, 1961), and hence
to an increased specific surface area of this mineral
(Torrent et al., 1987; Schwertmann, 1991).

The specific surface area (SSA) values for the iron
oxides Gt and Hm made them highly reactive to P
compounds and increased their soil adsorption,
resulting in plant unavailability (Pena & Torrent,
1984). However, an increased adsorption of some
elements (particularly toxic ones) can be positive. Inda
Junior & Kampf(2005) also found Gt to exhibit greater
SSA values than Hm. By contrast, Schwertmann &
Kampf (1985) found smaller SSA values for Hm and
Gt in similar soils. Also, Barrén et al. (1988) reported
SSA values from 6 to 115 m? g1 for synthetic hematite,
and Torrent et al. (1990) found similar values for
goethite. The difference can be ascribed to the use of

R. Bras. Ci. Solo, 37:295-306, 2013
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Table 2. Descriptive statistics of the properties of goethite and hematite in the convex and concave area

Attribute Area Mean Median Minimum Maximum Variance Asymmetry Kurtosis SD® CV (%) p®
Gt convex 0.52 0.53 0.30 0.83 0.008 0.08 0.50 0.08 16.79 <0.005
WHHY concave 0.54 0.53 0.30 0.90 0.011 0.37 0.41 0.10 19.38 <0.005
Hm convex 0.40 0.38 0.30 0.53 0.002 0.05 0.70 0.04 10.28 <0.005
concave 0.36 0.38 0.30 0.53 0.003 0.41 -0.83 0.05 15.37 <0.005
Gt convex 31.58 28.50 15.06 86.91 116.330 2.03 6.18 10.78 34.16 <0.005
MCD (nm)® concave 30.29 28.50 13.45 86.93 135.200 2.45 9.19 11.63 38.38 <0.005
Hm convex 49.75  54.00 29.77 90.85 128.830 1.54 3.89 11.35 22.82 <0.005
concave 63.50 54.02 29.79 90.86 409.180 0.28 -1.43 20.23 31.85 <0.005
Gt convex 15.65 14.73 1.69 35.72 67.620 0.83 0.06 8.22 52.55 <0.005
AS (Al mol%)® concave 1259 12.25 0.18 2829  25.726 0.24 003 507 4026  0.159
Hm convex 12.44  12.87 1.42 17.00 11.470 -0.47 -0.28 3.39 11.47 <0.005
concave 11.15 12.87 1.43 21.23 15.660 -0.43 0.06 3.96 35.50 <0.005
Gt convex 13.16  13.09 7.14 23.52 8.820 0.48 0.71 2.97 22.56 0.577
Content (g kg'!) concave 1045  10.40 0.60 2390  14.980 0.26 141 387 37.06  0.050
Hm convex 23.20 23.01 12.92 33.29 14.340 0.18 0.10 3.79 16.32 0.357
concave 12.39  12.70 0.70 28.60 18.732 0.47 3.37 4.33 34.93 <0.005
Gt convex 81.17 82.64 23.74 160.85 527.050 0.07 0.44 22.96 28.28 <0.005
SSA (m? g-l) ) concave 86.47 82.64 23.73 180.72 746.870 0.38 0.42 27.33 31.61 <0.005
Hm convex 36.31 37.04 22.37 61.83 35.276 0.57 1.95 5.94 16.36 0.013
concave 33.69 3242 19.16 55.37 76.800 0.37 -0.20 8.76 26.01 0.016
convex 0.34 0.34 0.20 0.56 0.005 0.28 -0.05 0.07 20.38 0.640
Gt/(Gt+Hm)
concave 0.43 0.43 0.22 0.64 0.006 -0.08 -0.35 0.08 19.03 0.560
Fed (%) convex 2.45 2.40 1.59 3.22 0.080 0.23 0.46 0.29 11.82 0.010
concave 1.52 1.55 0.09 3.29 0.220 0.01 3.64 0.47 31.26 0.005

OWidth at half height (220); ®Mean crystallite dimension; ®Aluminium substitution; “'Specific surface area; ®Iron extracted by
dithionite-citrate-bicarbonate (DCB); ®'SD: Standard deviation; ”CV: Coefficient of variation; ®Anderson-Darling statistical test
(p>0.05 = normal distribution). Hm: Hematite, Gt: Goethite.

Table 3. Descriptive statistics of the mineral properties [width at half height, mean crystallite size, and Kt/
(Kt+Gb) ratio] for the convex and concave areas in the 0.0-0.2 m layer

(1) 2)
Statistic Area WHH MCD Kt/(Kt+Gb)
Kt Gb Kt Gb
Mean Convex 0.760 0.313 14.53 74.47 0.866
Concave 0.670 0.291 17.42 84.02 0.919
. Convex 0.750 0.300 14.44 74.04 0.870
Median

Concave 0.670 0.285 16.67 85.71 0.923
Minimum Convex 0.600 0.270 11.39 31.32 0.780
Concave 0.450 0.270 11.39 44.01 0.830
Maximum Convex 0.900 0.450 19.73 101.81 0.960
Concave 0.900 0.375 31.10 101.81 0.957
Variance Convex 0.008 0.002 5.40 540.28 0.001
Concave 0.007 0.000 12.14 249.59 0.00065
Asymmetry Convex 0.070 1.350 0.64 -0.17 -0.01
Concave 0.080 1.650 1.39 -0.52 -1.20
Kurtosis Convex -0.610 1.380 0.02 -1.19 -0.15
Concave 0.440 3.290 3.39 -0.40 1.56
Sp® Convex 0.090 0.050 2.32 23.24 0.04
Concave 0.086 0.023 3.48 15.80 0.025
CV (%)@ Convex 11.500 15.480 16.00 31.21 4.16
Concave 12.830 8.020 20.00 18.80 2.77
) Convex <0.005 <0.005 <0.005 <0.005 0.035
P Concave <0.005 <0.005 <0.005 <0.005 <0.005

OWidth at half height (220); ®Mean crystallite dimension (nm); ®Standard deviation; “Coefficient of variation; ®Anderson-
Darling statistical test (p>0.05 = normal distribution). Kt: Kaolinite, Gb: Gibbsite.
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different methods to determine this attribute (Cornell
& Schwertmann, 1996).

The distribution of the Gt and Hm contents and
the Gt/(Gt+Hm) ratio was normal in the convex area.
However, WHH, AS, the Hm and Gt contents, SSA
for Gt, Gt/(Gt+Hm), Fey, WHH for Kt, MCD for Kt
and Gb, and Kt/(Kt+Gb) were all symmetrically
distributed with similar means and medians, and
near-zero asymmetry and kurtosis - by exception,
kurtosis for SSA in hematite was 1.95. The attributes
with a normal distribution in the concave area were
aluminium substitution in goethite and Gt/(Gt+Hm);
on the other hand, WHH, AS, SSA for Gt and Hm,
MCD for Gt, Gt/(Gt+Hm), WHH and MCD for Kt all
exhibited a symmetric distribution (Tables 2 and 3).
The non-normality of the data is not limiting for the
use of geostatistics (Cressie, 1991), as long as the
distribution is not highly skewed.

Kaolinite had lower coefficients of variation (CVs)
than gibbsite (Gb) in the convex area and the opposite
was true in the concave area (Table 3). All Gt attributes
had higher CVs than those of Hm in both areas, which
indicates greater variations in Gt than in Hm. These
results are consistent with those reported by Inda
Junior & Kampf (2005) and Camargo et al. (2008a)
for Oxisols. According to Inda Junior & Kampf (2005),
a smaller variation in hematite properties is a result
of an increased specificity of environmental mineral
formation factors of goethite, which is more sensitive
to environmental changes. The characteristics of
goethite and hematite in environments with low Fe
content as in the study area are typical of soil
populations with high Fe content. This suggests a
soil-environmental influence of Fe oxides.

Table 4 shows the Student’s ¢-values obtained to
assess the difference between the means of the concave
area and convex area. The property means, except for
WHH, MCD and SSA of Gt, differed significantly at
5 % probability between the concave and convex area.

The higher Gt, Hm and Fey values in the convex
than the concave area can be ascribed to the higher
soil clay content in the former where the A+E horizon
was thinner and therefore closer to the clay-richer Bt
horizon (Table 1) .

The convex area had the greatest MCD values for
all minerals except Hm, and also the highest AS, Hm
and Gt contents, and SSA for Hm. On the other hand,
in the concave area, the values of WHH and SSA for
Gt, MCD for Hm, and the Gt/(Gt+Hm) and Kt/(Kt+Gb)
ratios were higher.

The crystallinity of iron oxides depends strongly
on soil-environmental factors such as Fe-
concentration in the solution, pH, temperature, water
activity in the soil and organic matter content
(Schwertmann & Taylor, 1989). Based on the
differential behaviour of crystallinity (WHH and
MCD) in Hm, reflected in the mean values and
coefficients of variation (CVs), slope curvature can be
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assumed to affect the specific interaction of soil-
environmental factors that facilitate the formation of
Hm. This is consistent with the greater uniformity of
the hematite populations in both types of slope
curvature. However, the spatial distribution of
hematite in curvatures cannot be assessed in terms
of means only, but requires the use of CVs and spatial
analysis.

The dependence and spatial variability of the
attributes in the convex and concave areas was studied
via semivariograms of isotropic nature (Figures 2 at
4). In the convex area, the spherical model fitted the
MCD data for Hm (110) and Gt (110), WHH for Hm
and Gt, aluminium substitution in Hm, the Hm
content, SSA for Gt, the Gt/(Gt+Hm) ratio, Fe4, and
MCD for Gb. On the other hand, the exponential model
fitted AS for Gt, the Gt content, WHH for Kt and Gb,
MCD for Kt, and the Kt/(Kt+Gb) ratio. The pure
nugget effect (PNE) was observed only in SSA for Hm.
In the concave area, the spherical model fitted MCD
for Gt, Gt/(Gt+Hm), WHH for Kt and Kt/(Kt+GDb),
whereas the exponential model fitted WHH, AS, the
Gt content, SSA for Gt, Feg and MCD for Kt. A PNE
was observed for MCD, WHH, AS, SSA and content
for Hm, and WHH and MCD for Gb.

Of all attributes, only the Gt content in the convex
area had a strong spatial dependence [C/(C, + C;) <
25 %], while all others were moderately dependent
[C/(C, + Cq) between 25 and 75 %] according to the

Table 4. Mean values of the studied properties in the
convex and concave area

Convex Concave
Property area area t test
Mean Mean

WHH® Gt 0.52 0.54 1.51™
Hm 0.40 0.36 -5.96%

Kt 0.76 0.67 7.66%

Gb 0.31 0.29 4.48%

MCD (nm)® Gt 31.60 30.30 -0.87™
Hm 49.70 63.50 6.38%

Kt 14.53 17.42 -7.11%

Gb 74.50 84.00  -3.63%

AS (Al mol%)® Gt 15.65 12.60 -3.44%
Hm 12.45 11.15 -2.70%

SSA(m? gh)® Gt 81.20 86.50 1.60™
Hm 36.31 33.69  -2.67%

Content (g kgH® Gt 13.16 10.44 -5.92%
Hm 23.20 12.39  -20.03*

Gt/(Gt+Hm) 0.330 0.430 9.47%
Kt/(Kt+Gb) 0.866 0.919  -12.91%

DOWidth at half height (°260); @Mean crystallite dimension,; @
Aluminium substitution; “Specific surface area. “and ™:
significant and not significant at 5 % probability, respectively,
by Student’s ¢-test. Hm: Hematite, Gt: Goethite, Kt: Kaolinite,
Gb: Gibbsite.
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Figure 2. Semivariograms of the studied attributes in the convex area. Gt: goethite, Hm: hematite, PNE: Pure
nugget effect, Sph.: Spherical, Exp.: Exponential, Mod: Moderate. Sequence of the semivariogram parameters:
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Figure 3. Semivariograms of the studied attributes in the concave area. Gt = goethite, Gt: goethite, Hm:
hematite, PNE: Pure nugget effect, Sph.: Spherical, Exp.: Exponential, Mod: Moderate. Sequence of the
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Figure 4. Semivariograms of the studied attributes in the convex and concave areas. Kt: kaolinite, Gb:
gibbsite, PNE: Pure nugget effect, Sph.: Spherical, Exp.: Exponential, Mod: Moderate. Sequence of the
semivariogram parameters: C,; C; C,/(C,+ C,) (%); range; r2.

classification of Cambardella et al. (2004). In the
concave area, MCD, WHH, AS, mineral contents, SSA,
Gt/(Gt+Hm) and Fe4 exhibited moderate spatial
dependence [C/(C, + C;) between 25 and 75 %] and
MCD for Kt strong dependence.

The ranges for most properties in the convex area
were large, which indicates greater continuity in their
spatial distribution. This can be ascribed to the more
uniform hydraulic conditions of the convex relief
facilitating the formation and crystallization of
minerals in the clay fraction. Tardy (1993) found the
Kt and Gb contents to be correlated with the hydraulic
conditions determined by the specific relief. Lucas et

al. (1996) found the spatial distribution of secondary
minerals such as Kt, Gb and Gt in equatorial regions
to be related to the constituents of the soil solution,
possibly because the constituting elements in the
minerals (e.g. Fe, Si, and Al) were present in the soil
solution and the soil phase was markedly affected by
weathering processes. According to Duzgoren-Aydin
et al. (2002), variations in the nature of minerals of
the clay fraction along a profile result from other
microenvironmental factors.

In this work, we found different soil-environments
of formation of iron oxides and minerals Kt and Gb in
the slope curvatures. The spatial continuity in the

R. Bras. Ci. Solo, 37:295-306, 2013



304

concave slope curvature was lower and resulted in a
more random interaction pattern of soil-environmental
factors. In fact, the number of properties with a pure
nugget effect (i.e. a random spatial distribution) was
greater in the concave area; this indicates spatially
randomness of the pedological processes governing the
formation of clay minerals in this area at the studied
scale. These results confirm the use of slope
curvatures to delimit more uniform areas in the field.

Phenomena such as the adsorption of elements in
soil are strongly related to mineral crystallinity. Thus,
P tends to be adsorbed by Gt, with low crystallinity
and a high SSA, as well as by Gb. This allows the use
of the technique described in this study in alternative
management practices with a view to minimizing the
effects of adsorption on, e.g., soil phosphorus.

CONCLUSIONS

1. Mean crystallite dimension; width at half height
for hematite, kaolinite and gibbsite; aluminium
substitution; goethite and hematite contents; specific
surface area for hematite; and the goethite/
(goethite+hematite) ratio differed significantly between
slope curvatures.

2. The contents of hematite and goethite were higher
in the convex than the concave area; however, hematite
predominated in both. Also, hematite had a smaller
mean crystallite dimension in the convex area.

3. Kaolinite predominated in the concave area.

4. The properties with spatial dependence in the
convex area were mean crystallite dimension; width
at half height for hematite, goethite, kaolinite and
gibbsite; aluminium substitution; contents and
specific surface area for goethite and hematite; and
the goethite/(goethite+hematite) and kaolinite/
(kaolinite+gibbsite) ratios. In the concave area on the
other hand, the properties with spatial dependence
were mean crystallite dimension; width at half height
for kaolinite and goethite; aluminium substitution;
contents and specific surface area for goethite; and
the goethite/(goethite+hematite) and kaolinite/
(kaolinite+gibbsite) ratios.

5. The spatial variability was lower in the convex area.
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