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ABSTRACT: Quali-quantitative and crystallographic characterizations of the different 
minerals of a soil are essential for the best evaluation of its genesis, degree of weathering, 
active pedogenetic processes, physical and chemical properties, and its potential reserve of 
mineral nutrients. This study presents the results of mineralogical investigations carried out to 
verify the influence of the different lithologies of three geological formations of a sedimentary 
nature on the mineralogical composition of the soils and the relation of this mineralogical 
composition to soil chemical properties. The study area is located in the physiographic region 
of the Santa Maria River basin in the municipality of Rosário do Sul, RS, Brazil, at 30° 15’ 28” S 
and 54° 54’ 50” W, with average altitude of 132 m and Cfa climate type. Topolithosequences 
were defined from soils developed from the lithology of the Pirambóia, Sanga-do-Cabral 
and Guará Formations, choosing representative soil profiles based on types of parent 
materials and variations in relief and altitude. A general and morphological description of 
the profiles was carried out, and soil samples were collected for analysis. The properties 
determined were texture, active and potential acidity, organic C, exchangeable Al, sum of 
bases, CEC at pH7, and base saturation. Mineralogical characterization of the clay fraction 
was performed by an X-ray diffractometer (XRD). In most of the profiles, kaolinite was the 
predominant clay, along with a significant contribution from 2:1 clay minerals and the 
presence of interstratified minerals in combination with kaolinite, which were related to the 
chemical properties of the soils. The crystallographic parameters of the kaolinite (full width 
at half maximum - FWHM, layer-d spacing, mean crystallite size - D, and mean number of 
layers - NL) varied, revealing a distinct pedogenetic evolution, which can be attributed to 
different degrees of weathering, as well as differences in the source material. Large and 
asymmetrical reflexes related to the d001 and 002 planes of kaolinite indicated that they 
are due to the presence of kaolinite-smectite strata in association with pure kaolinites.

Keywords: clay mineralogy, topolithosequence, X-ray diffractometry, crystallographic 
parameters.
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INTRODUCTION
Among the various attributes of a soil, the mineralogical composition is one of the most 
important because it influences most of the physical and chemical phenomena that 
develop in it. The composition, properties, and mineralogical transformations in the 
parent material can provide a better understanding of the evolution of the weathering 
and pedogenetic systems (Coelho and Vidal-Torrado, 2003). 

The occurrence of different groups and species of clay minerals is conditioned by the 
parent material, weathering, and pedogenesis, throughout the stages of stability, 
transformations, and neoformations (Kämpf et al., 2012a). This large variety of clay 
minerals can be represented in different types of soils or even within the same soil 
profile in the different horizons or layers, making them indicators of weathering intensity. 
The hydrolysis reaction is one of the main mechanisms of chemical processes involved in 
mineral formation in the clay fraction, and it can occur in different intensities according to 
the degree of silicon leaching in the system (bisialitization, monosialitization, alitization) 
(Melfi and Pedro, 1977). Neogenesis is another process of great relevance, in which clay 
minerals are formed from aluminum ions, silicate, and other elements present in the soil 
solution. The clay minerals may also undergo incomplete transformations in the soil to 
form interstratified minerals or, in acid environments, the 2:1 layer clay minerals may be 
intercalated with hydroxyl-Al polymers in the interlayers (Barnhisel and Bertsch, 1989). 

Knowledge of the mineralogical composition can indicate the degree of weathering the rock 
underwent in formation of the soil (Melfi and Pedro, 1977, 1978) and can help in interpretation 
of the evolutionary dynamics of the soil and of its properties, with direct consequences for 
management practices (Kämpf et al., 1995a). The minerals that constitute the rocks have 
different susceptibilities to weathering, and as the soils evolve, their mineral composition 
comes to depend more on the weathering environment than on the composition of their 
source material. For this reason, the associations of clay minerals in soils are considered 
indicators of the degree of soil development (Kämpf et al., 2009a).

One of the main mineral components found in the clay fraction of most Brazilian soils of 
low activity clay is kaolinite, as well as iron and aluminum oxides (Resende et al., 2005). 
In contrast, soils with high activity clay commonly have not only kaolinite, but also 2:1 
minerals and interlayers of mica, vermiculite, and smectite. Several studies on the mineralogy 
of the clay fraction in acidic soils in the south of Brazil point to the simultaneous presence of 
gibbsite, kaolinite, 2:1 clay minerals with hydroxyl aluminum polymers, and interstratified 
minerals (Kämpf et al., 1995b; Almeida et al., 2000; Teske et al., 2013). 

Generally, the identification and semi-quantification of minerals of the clay fraction are 
performed by XRD techniques. According to Brindley and Brown (1980), the reflexes 
corresponding to basal spacing (d) in plane 001 for kaolinite are of approximately 0.715 nm. 
However, variations in this spacing between 0.715 and 0.730 nm may be associated with the 
small thickness of the crystals and/or the degree of structural disorder of kaolinite (Moore 
and Reynolds Jr., 1997); they may also be the result of the presence of interstratified clay 
minerals of the kaolinite-smectite type (Singh and Gilkes, 1992; Bortoluzzi et al., 2007).

Minerals of a secondary nature account for the vast majority of important phenomena 
inherent to soil fertility, physics, chemistry, and management. Clay minerals also make 
an important contribution to soil physical properties (texture, structure, consistency, 
permeability, expansion, and contraction) and chemical properties (nutrient availability, 
CEC, pH, and sorption of metals), mainly due to the small size of the particles, their high 
surface area, and surface reactivity (Kämpf et al., 2012b).

Most of the Argissolos, Luvissolos, and Latossolos occurring in the Central Depression of the 
state of Rio Grande do Sul are developed from sedimentary rocks of the Permian, Triassic, 
and Jurassic periods. However, there is still little detailed information on the mineralogical 
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composition of the clay fraction of these soils. It is assumed that the soils of the region under 
study have different chemical and mineralogical compositions not only due to differences 
in their geological formations, but also because of lithological variations in the source 
material within the same formation, the position of the soils on slopes, and the variations 
in hydrological conditions. Thus, the general objective of this study was to investigate 
the mineralogical composition of soils developed from three geological formations of a 
sedimentary nature in the southwest region of the state of Rio Grande do Sul, and the 
relation of this mineralogical composition to soil chemical properties.

MATERIALS AND METHODS
The study area is located in the physiographic region of the Campanha Gaúcha, located 
in the Central Depression Geomorphological Province, Geomorphological Unit of the Ibicuí 
River-Negro River Depression (Justus et al., 1986), extending from the municipality of 
Rosário do Sul to Santana do Livramento, RS (Figure 1a). The municipality of Rosário do Sul, 
the main focus of the soils studied, is located at 30° 15’ 28” S and 54° 54’ 50” W, with 
an average altitude of 132 m. The current climate, according to the Köppen classification 
system (Köppen and Geiger, 1928), is humid subtropical, with hot summers and cold 
winters (Cfa) and average annual rainfall from 1,300 to 1,600 mm (PMRS, 2005).

The selection of soil profiles took into account the different types of source materials, 
variations in relief and altitude, rock outcrops, soil color, accessibility (roads), and cuts 
(ravines). The profiles P1T1, P2T1, P3T1, P1T4, and P2T4 are located on the Pirambóia 
Formation, the profiles P1T2, P2T2, and P3T2 on the Sanga-do-Cabral Formation, and 
the profile P1T3 on the Guará Formation (Figure 1b). The Pirambóia, Sanga-do-Cabral, 
and Guará Formations were recently identified and individualized in RS (CPRM, 2006) on 
areas previously designated as the Rosário do Sul Formation (DNPM, 1989). The Pirambóia 
Formation comprises medium to fine sandstones with well-developed lenticular geometry 
deposited in a continental, eolic environment with fluvial intercalations. Siltite layers may 
also occur interspersed with the sandstones. The Sanga-do-Cabral Formation belongs to the 
Rosário do Sul group and is characterized by subarkosic and arkosic sandstones in tabular or 
elongated lenticular bodies consisting of breccia and intraformational conglomerate, siltite, 
and rare argillite deposited in a continental, eolic environment with fluvial intercalations 
containing fragments of fossil vertebrates. The Guará Formation is composed of fine to 
conglomeratic sandstone, with whitish to reddish colors, that is occasionally interspersed 
with centimetric levels of pellets, contains dinosaur footprints, and is deposited in a 
continental desert environment with fluvial, eolic, and lacustrine deposits (CPRM, 2006).

After selection of representative pedons, a general and morphological description of 
the soil profiles was conducted, according to the methods described in Santos et al. 
(2005) and Schneider et al. (2007). The profiles were taxonomically classified up to the 
4th categorical level (subgroups) according to the SiBCS (Santos et al., 2013) and the 
Soil Taxonomy (Soil Survey Staff, 2014) classifications.

In each sub-horizon of the profiles, a disturbed soil sample was collected for chemical, 
physical, and mineralogical characterization. The soil samples were air-dried, crushed, 
milled and sieved in a 2-mm mesh, separating the coarse fractions and the air-dried 
fine soil. Particle size distribution and basic chemical analyses were performed on the 
air-dried fine soil according to the methods described in Tedesco et al. (1995) and 
Claessen (1997). 

Active acidity (pH in H2O and 1 mol L-1 KCl in a 1:1 ratio) was determined by potentiometry. 
Organic C was determined by the Walkley-Black method by means of its oxidation with the 
dichromate anion in acid medium and redox titration with ferrous sulfate solution in the 
presence of ferroin indicator. Exchangeable K and Na contents were determined using the 
double acid extraction method (Mehlich-1) with flame photometer readings. Calcium and Mg 
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Figure 1. (a) Geographic location of the study area - municipality of Rosário do Sul and Santana do Livramento, RS, Brazil (Image 
Landsat 5 Thematic Mapper - Composition 5R4G3B/Datum SAD69 (scale as indicated); and (b) Simplified geological map of part of 
the southwest region of the state of Rio Grande do Sul, Brazil. Main Formations - P3T1p: Pirambóia Formation, T1sc: Sanga-do-Cabral 
Formation, J3g: Guará Formation, J3K1bt: Botucatu Formation, K1β: Serra Geral Formation (scale as indicated).
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were extracted with 1 mol L-1 KCl and determined in an atomic absorption spectrophotometer. 
Exchangeable Al was obtained by neutralization titration with 0.0125 mol L-1 NaOH after 
extraction with 1 mol L-1 KCl. Potential acidity (H+Al) was extracted with 0.5 mol L-1 calcium 
acetate buffered at pH 7 and quantified by titration with 0.02 mol L-1 NaOH. The sum 
of bases (SB), cation exchange capacity at pH 7 (CEC), and base saturation (V) were 
calculated according to the following expressions: SB = Ca2+ + Mg2+ + K+ + Na+, 
CEC pH7 (T) = SB + (H+Al), and V = (SB/T) × 100, respectively.

The clay fraction was determined by the simplified densimeter method (Bouyoucus, 
1962) after dispersing the samples with 1 mol L-1 NaOH solution or Calgon (sodium 
hexametaphosphate and anhydrous sodium carbonate). Sand content was quantified 
gravimetrically (weighing) after mechanical sieving and oven drying, and silt content 
was determined by the difference. 

The clay fraction of samples selected from three to four horizons of each profile, which was 
used in mineralogical analyses, was separated from the silt by sedimentation, according 
to Stokes’ law. Part of the samples of the clay fraction were subjected to saturation with 
potassium chloride solution (1 mol L-1 KCl) and another part with magnesium chloride solution 
(0.5 mol L-1 MgCl2). After washing away excess salts, oriented clay slides were prepared 
using the following treatments: saturation with K and Mg and reading at room temperature 
(K25 and Mg25); saturation with Mg and solvation with ethylene glycol (Mg + EG); and 
saturation with K and then heating to 100, 350, and 550 °C (K100, K350, and K550). 

Mineralogical characterization of the clay fraction was performed by XRD using an 
automated Philips PW 3710 X-ray diffractometer with copper tube, vertical goniometer 
with compensation angle of θ/2θ, and graphite monochromator with angular variation 
from 4 to 40 °2θ. The angular velocity was 0.02 °2θ/s in step mode, with a reading time 
of 1s per step. The results were interpreted based on the interplanar spacing (d) and the 
feautures of the diffraction reflexes according to Brindley and Brown (1980), Whittig and 
Allardice (1986), and Resende et al. (2005) through the APD (Automatic Powder Diffraction) 
and X’PERT HIGHSCORE PLUS programs, allowing identification of clay minerals.

The percentage distribution of the minerals in the clay fraction was estimated by analysis 
of the diffractograms of samples on slides of oriented clay and not powder, being a 
relative semi quantification, calculated by comparison of areas of these minerals with 
the areas of the main peaks of clay minerals and Al oxides, which does not consider all 
the components of the mixture. Iron oxides, quartz, and other minerals are excluded. 
The percentages indicated refer only to a rough proportion of those minerals.

The average crystallite size (ACS) perpendicular to a given diffraction plane (hkl index) was 
calculated by applying the Scherrer equation: ACS (hkl) = K λ 57.3/(B - b) cos θ, where: 
λ = wavelength of the radiation (tube) used; K = proportionality constant (0.9 for cubic 
systems); (B - b) = FWHM (full width at half maximum) corrected for the instrumental 
effect; B = FWHM of the mineral considered (kaolinite); b = FWHM of a standard mineral 
(quartz); 57.3 = angle conversion to radians; θ = diffraction angle in the plane in question 
(obtained from the division of angle 2θ in that position by 2). By calculating the ACS in 
the plane (001), the mean number of layers of the clay mineral (MNL) could be calculated 
by the following expression: MNL = ACS (001)/d (001).

RESULTS AND DISCUSSION
The results of chemical analyses, the particle size distribution for general characterization, 
and the taxonomic classification of the soils are shown in table 1. Concerning the results 
of mineralogical analysis, only the X-ray diffractograms of the samples saturated with 
magnesium and read at room temperature will be shown (Figure 2), except for the 
P2T2-TCk profile. The general morphological description and the complete analytical 
data of the profiles of these soils can be found in Santos (2015).
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Table 1. Physical and chemical properties of soil profiles studied
Horizon Depth Sand Silt Clay pH(H2O) OC SB Al3+ T V

m g kg-1 g kg-1 cmolc kg-1 %
P1T1-PVd: Argissolo Vermelho Distrófico espessarênico (Arenic Kanhapludults)

A1 0.00-0.23 852 68 80 5.53 4.2 1.42 0.16 2.63 54
A2 0.23-0.70 834 86 80 4.67 1.7 0.85 0.58 2.38 36
AE 0.70-0.90/0.95 857 73 70 4.88 1.6 0.42 0.60 1.34 31
E 0.90/0.95-1.10 837 113 50 5.07 0.9 0.26 0.46 0.87 30
Bt1 1.10-1.20 643 87 270 4.71 3.9 1.01 1.95 4.04 25
Bt2 1.20-1.77 500 70 430 4.95 3.7 2.83 2.32 6.35 45
Bt3 1.77-2.44 611 79 310 5.11 1.9 2.26 2.24 4.94 46
BC 2.44-2.88 743 47 210 4.93 2.3 1.28 1.72 3.38 38
Cr 4.30-4.60 876 24 100 4.87 0.2 1.04 0.62 1.44 72

P2T1-PBACal: Argissolo Bruno-Acinzentado Alítico abrúptico (Oxyaquic Hapludults)
A1 0.00-0.20 797 83 120 4.76 7.8 1.33 1.70 4.37 30
A2 0.20-0.42 762 78 160 4.86 7.2 1.31 2.61 5.36 24
2BA 0.42-0.63 474 136 390 4.96 10.0 4.27 8.63 13.46 32
2Bt 0.63-1.25/1.40 598 132 270 5.25 3.9 6.55 9.62 15.47 42
2BC 1.25/1.40-1.70/1.80 713 67 220 5.44 1.6 10.04 5.71 14.75 68
R - 780 110 110 5.35 0.3 11.11 1.71 12.56 88

P3T1-PAal: Argissolo Amarelo Alítico plíntossólico (Oxyaquic Hapludults)
A1 0.00-0.28 801 89 110 4.96 6.6 1.42 0.66 2.91 49
A2 0.28-0.50 609 261 130 4.89 4.5 0.61 1.62 3.06 20
AB 0.50-0.66 680 120 200 4.88 4.3 0.84 2.46 3.90 21
BAx 0.66-0.82 602 148 250 5.01 5.6 1.30 3.29 5.56 23
Btf1 0.82-1.15/1.25 477 163 360 5.04 4.7 1.94 5.55 7.92 25
Btf2 1.15/1.25-1.70/1.85 505 175 320 5.29 2.6 3.14 4.56 8.00 39
R - 818 12 170 5.96 0.5 4.20 0.07 4.40 95

P1T2-PBACal: Argissolo Bruno-Acinzentado Alítico abrúptico (Arenic Hapludults)
A1 0.00-0.18 845 75 80 4.83 6.4 1.72 0.59 3.32 52
A2 0.18-0.34 833 77 90 4.61 5.9 1.28 1.22 4.03 32
A3 0.34-0.51 764 96 140 4.69 5.7 1.50 1.80 4.77 31
BAt 0.51-0.65 597 93 310 4.87 9.2 2.24 4.98 8.90 25
Bt 0.65-0.96 565 65 370 5.06 7.1 1.80 6.10 8.86 20
BC 0.96-1.15 681 59 260 5.02 4.2 1.43 6.28 7.19 20
R - 849 21 130 5.05 1.2 2.04 3.97 4.91 41

P2T2-TCk: Luvissolo Crômico Carbonático típico (Mollic Hapludalfs)
A 0.00-0.35 620 256 124 5.97 10.6 8.26 0.34 10.34 80
Btx 0.35-0.58 478 308 214 6.43 5.1 10.16 1.25 12.41 82
Bt 0.58-0.80 162 564 274 8.81 1.9 24.94 0.00 24.94 100
C/Cr 0.80-0.90 103 663 234 8.92 1.9 28.54 0.00 28.54 100
Cr 0.90-1.80+ 383 463 154 9.28 1.4 27.34 0.00 27.34 100

P3T2-FTd: Plintossolo Argilúvico Distrófico abrúptico (Plintic Paleudults)
A1 0.00-0.22 728 182 90 4.93 5.0 1.30 0.74 2.84 46
A2 0.22-0.60 728 182 90 4.68 3.3 0.99 0.79 2.35 42
2Btf1 0.60-0.78 502 168 330 4.94 4.9 2.26 2.77 6.34 36
2Btf2 0.78-1.20 510 140 350 4.95 4.0 2.62 3.02 6.57 40
2Btf3 1.20-2.00+ 500 150 350 5.17 2.3 3.34 2.46 6.20 54
Cr - 542 408 50 5.50 1.7 16.29 1.12 17.37 94

P1T3-LVe: Latossolo Vermelho Eutrófico típico (Typic Eutrudox)
A1 0.00-0.15 892 28 80 5.32 4.4 0.98 0.32 1.96 50
A2 0.15-0.50 862 38 100 5.12 2.8 0.82 0.56 2.11 39
AB 0.50-0.71 888 2 110 5.16 3.8 0.99 0.57 2.17 46
Bw1 0.71-0.95 845 45 110 5.44 2.0 1.25 0.41 2.07 61
Bw2 0.95-1.45 825 45 130 5.39 2.6 1.73 0.34 2.56 68
Bw3 1.45-1.70+ 778 32 190 5.33 1.7 2.17 0.38 3.07 71
R - 753 77 170 4.78 0.7 0.94 2.93 3.25 29

P1T4-TXp: Luvissolo Háplico Pálico típico (Oxyaquic Hapludalfs)
A1 0.00-0.11 749 121 130 5.35 12.8 4.50 0.07 6.21 72
A2 0.11-0.38 733 143 124 5.27 6.4 3.49 0.35 5.02 70
AB 0.38-0.48 607 119 274 4.97 7.7 5.24 2.99 10.06 52
BAt 0.48-0.70 374 172 454 5.26 10.6 9.98 7.29 18.89 53
Bt 0.70-0.85/0.98 345 241 414 5.60 5.7 21.06 8.00 29.21 72
BC 0.85/0.98-1.25 580 196 224 5.78 3.5 19.98 3.72 23.51 85
R - 841 105 54 5.48 1.1 26.85 0.32 26.95 100

P2T4-PVd: Argissolo Vermelho Distrófico arênico (Arenic Kandiudults)
A1 0.00-0.20 823 63 114 5.01 6.5 1.30 0.61 2.94 44
A2 0.20-0.55 812 74 114 5.14 3.8 1.21 0.64 2.68 45
AB 0.55-0.67 737 89 174 5.10 4.9 2.01 0.91 4.11 49
BAt 0.67-0.77 584 82 334 5.06 8.2 3.21 1.62 6.42 50
Bt1 0.77-0.98 454 102 444 5.00 7.3 3.51 2.23 7.37 48
Bt2 0.98-1.75+ 481 125 394 4.96 4.4 2.64 2.85 6.00 44
R - 675 191 134 5.42 0.7 6.30 3.70 9.05 70

pH in water in a 1:1 ratio; OC: organic carbon, determined by the Walkley-Black method; Al3+: extracted with 1 mol L-1 KCl; SB: sum of bases 
(SB = Ca2+ + Mg2+ + K+ + Na+); and V: base saturation [V = (SB/T) × 100], where T [CEC pH7 = SB + (H+Al)].
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Clay mineralogy and chemical properties of soils

Toposequence 1: Pirambóia

In the samples of the Argissolo Vermelho Distrófico espessarênico/Arenic Kanhapludults 
(P1T1- PVd), collected from the highest elevation position in a highly drained environment 
and whose substrate (R) was identified as a sandstone, the mineralogical assemblage 
of the clay fraction is similar (Figure 2a). Among the phyllosilicates, there is dominance 
of the peaks in the positions around 0.72, 0.36, and 0.24 nm, generally attributed to 
kaolinite; peaks around 1.0, 0.5, and 0.33 nm are indicative of small amounts of micas 
and/or illites; and low-intensity peaks around 1.48-1.50 nm are attributed to expandable 
2:1 layer phyllosilicates. Minor components are represented by hematite and/or goethite 
(peaks around 0.27 and 0.25 nm) and by quartz (peaks at 0.42 and 0.33 nm), both in 
very low proportions. In the Cr horizon, collected at a depth of more than 4 m, the main 
mica peak (1.0 nm) is observed, but the peaks attributable to vermiculites or smectites 
are absent. However, their presence in the surface horizons indicates that their formation 
occurs at the expense of alteration of micas. The peak of 1.5 nm in the diffractogram of 
the sample saturated with Mg seems to be of vermiculite, which could be the product of 
transformation of micas through loss of K and gain of Mg. In the glycol sample, however, 
the “c” spacing increases and does not form a clear reflex, but rather a plateau (data 
not shown), indicating small expansion of the 2:1 layers, which may indicate that they 
are smectites or low-charge dioctahedral vermiculites (Douglas, 1989). There was an 
incomplete contraction of the 2:1 layers by heating, indicating, in any case, that the 
2:1 layer minerals have strong intercalation with interlayered hydroxy-Al polymers (2:1HE). 
The peaks at the positions around 0.72 and 0.36 nm, however, are wide and asymmetrical, 
suggesting that, along with kaolinite, there may be interstratified 1:1-2:1 clay minerals, 
possibly due to destruction of some of the micas, with formation of kaolinite-smectite 
(K-S). The similarity of the mineralogical components, together with the low proportion 
of 2:1 layer minerals (Table 2), is therefore consistent with the low values of CEC at 
pH7 and the low clay activity of this soil (Table 1). The great mineralogical similarity of 
the clay fraction in the A2 and Bt2 horizons, whose textural characteristics are highly 
contrasting, reinforces the thesis that the high textural gradient of the soil is the result 
of internal pedogenetic processes.

In the samples of the Argissolo Bruno-Acinzentado Alítico/Oxyaquic Hapludults (P2T1-PBACal), 
collected from a high position in a moderately drained condition, whose lithology was fine 
sandstone mixed with siltstones of the Pirambóia formation, the mineralogical assembly of 
the clay fraction of three horizons analyzed was relatively similar. However, unlike P1T1, 
the phyllosilicates of the 2:1 layer were larger than kaolinite (Figure 2b) in all the horizons 
analyzed. In the clay fraction of the rock (R) and the 2Bt horizon, the diffractogram pattern 
was very similar. In the sample saturated with Mg, the most intense peak with larger area 
occurred in the position around 1.6 nm, followed by peaks with very low intensity around 
1.0 nm, indicative of micas, and at 0.72 nm, indicative of kaolinite. The peak at 0.72 nm is 
wide and has a strong asymmetry for angles 2θ lower, which may be due to interference 
of the second order peak of the 2:1 layer minerals, which occurs near the peak of the 
kaolinite, around 0.8 nm. In addition to these minerals, there were also low concentrations 
of quartz, identified by the peaks at 0.426 and 0.334 nm. In the sample with Mg + EG, there 
is displacement of the peaks of 1.59-1.60 nm to a position around 1.71 nm, confirming 
the presence of smectite. A peak at 0.845 nm was also formed, which proved to be the 
second-order peak of the glycolic smectites. This was not clearly expressed in the sample 
only with Mg, but contributed to the peak asymmetry around 0.72 nm, as commented 
before. In the treatment with K, heating the sample to 100 and 350 °C showed a peak 
around 1.2 nm, which may be indicative of interstratified mica-smectite. However, in the 
K550 sample, this position was displaced to values around 1.0 nm, indicating the presence 
of interstratified mica-smectite in association with pure smectite. In the A2 horizon, above 
the gravel line, the mineralogical composition was similar, but the quantities of smectites 
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Figure 2. Diffractograms of the clay fraction of the horizons and layers of the soil profiles studied. Samples subjected to saturation 
treatment with magnesium: (a) P1T1-PVd, (b) P2T1-PBACal, (c) P3T1-PAal, (d) P1T2-PBACal, (e1) P2T2-TCk, (f) P3T2-FTd, (g) P1T3-LVe, 
(h) P1T4-TXp, and (i) P2T4-PVd. Samples from P2T2-TCk (e2) that were underwent saturation treatment with potassium at different 
heating levels: room temperature (K25), 100 °C (K100), 350 °C (K350), and 550 °C (K550). Values in nanometers.

(a) (b)

(c) (d)

(e1) (e2)

(f) (g)

(h) (i)

°2θ Cu Kα

IN
TE

NS
IT

Y

1000
P1T1-A2

1.501 1.029

0.722

0.501 0.428

0.359

0.336
0.270 0.252 0.239

P1T1-Bt2

1.478

0.723

0.498

0.357

0.334 0.270 0.252 0.238

P1T1-Cr

0.996

0.721

0.498 0.424

0.357

0.333 0.269 0.238

500
0

1000
1500

500
0

2000
1000

0

1000
P2T1-A2

1.548
1.005

0.720

0.499 0.426
0.357

0.334

0.245 0.238

P2T1-2Bt
1.570

0.718 0.521 0.356 0.334

P2T1-R
1.598

1.006 0.722 0.528 0.426 0.357 0.334 0.270

500
0

2000
3000

1000
0

4000
2000

0

P3T1-A2
1.4701.006

0.716

0.496 0.424
0.356 0.333

0.245 0.238
P3T1-Btf2
1.447 1.002

0.717

0.496 0.423

0.356

0.333
0.237

P3T1-R
1.572

1.032
0.725

0.500 0.418

0.358

0.335
0.269 0.238

1000

500

0
1000

500

0
1500
1000

500
0

P2T2 Cr K25
2000

0
3000
2000

0
3000
2000

2000
1000

0

0
1000

1.238
1.001 0.625

0.529
0.495 0.426 0.334 0.319 0.252

P2T2 Cr K100
1.235

1.000 0.626 0.499 0.426 0.351 0.318
0.333

0.254
P2T2 Cr K350

1.237
0.999 0.628 0.501 0.425 0.334 0.319 0.254

P2T2 Cr K550
1.216

1.000 0.614 0.497 0.333 0.316

P1T3-A2800

1000
500

0
2000
1000

0

600
400
200

0

1.418 0.987
0.711

0.493 0.423

0.354 0.332

P1T3-Bw2
1.490 1.012

0.723

0.500 0.427

0.358
0.335

P1T3-R
1.004

0.723

0.499 0.426

0.358
0.333

0.268 0.249 0.237

0.238

0.238

0.270

0.272

P2T4-A2
1000

500
0

1500

2000

500

0

1000

1.483 1.007
0.720

0.4980.445
0.426

0.357
0.334

0.269
0.238

0.245
P2T4-Bt1
1.466 1.014

0.718

0.497

0.357

0.334 0.238
P2T4-R

1.621
1.001

0.722

0.529
0.500

0.425
0.357

0.334 0.269 0.238

10 20 30 40

P1T4-A2
1000

2000
1000

4000
2000

0
10 20 30 40

0

500
0

1.527
0.996

0.7170.625 0.497 0.424 0.355
0.333

0.2280.245

P1T4-A2
1.570

0.996
0.724 0.627 0.499 0.425 0.354

0.334
0.245

P1T4-R
1.580

1.002 0.724 0.500
0.524 0.426

0.356
0.356 0.334 0.2380.269

P3T2-A2
1000

500
0

1000
500

0

500

0

1.505 1.003
0.718

0.498 0.425
0.405

0.357
0.334

0.269 0.245 0.238
P3T2-2Btf2
1.550 1.012

0.728

0.500 0.419

0.357

0.335
0.269 0.238

P3T2-Cr
1.628

1.002 0.724

0.500 0.425
0.443

0.356 0.334

0.270 0.238

P2T2-A

1000

4000
3000
2000
1000

5000

0

0

0

1.451
0.722 0.496 0.426 0.354 0.334

0.303
P2T2-Btx

1.569

1.005 0.527 0.499 0.426 0.353 0.334

P2T2-Cr
1.624

1.013 0.807 0.535 0.426 0.3340.378 0.321 0.267

P1T2-A21000

500
0

1000
500

0

1.549
1.010

0.720

0.629 0.499 0.426
0.358

0.335

0.246 0.238
P1T2-Bt

1.489
1.021 0.720

0.625 0.498 0.426

0.357
0.334

0.238
P1T2-R

1.611
1.017

0.724
0.533 0.358 0.3340.332 0.268 0.238

0

2000

4000



Santos et al. Mineralogy of the clay fraction and chemical properties of soils...

9Rev Bras Cienc Solo 2017;41:e0160344

Table 2. Quantitative data of clay minerals and crystallographic parameters of soil kaolinites

Horizon
Relative proportion of clay 

minerals(1) FWHM001
Kt

d001
Kt ACS001 MNL

2:1HE Mi/Il Kt/K-S
°2θ nm

P1T1-PVd: Argissolo Vermelho Distrófico espessarênico (Arenic Kanhapludults)
A2 10.40 2.00 87.60 0.6952 0.722 16.4 23
Bt2 9.60 - 90.40 0.7874 0.723 13.8 19
Cr - 1.22 98.78 0.6919 0.721 16.5 23

P2T1-PBACal: Argissolo Bruno-Acinzentado Alítico abrúptico (Oxyaquic Hapludults)
A2 57.18 4.65 38.17 0.9839 0.720 10.3 14
2Bt 84.75 - 15.25 1.1434 0.718 8.5 12
R 88.80 1.82 9.38 1.0133 0.722 9.9 14

P3T1-PAal: Argissolo Amarelo Alítico plíntossólico (Oxyaquic Hapludults)
A2 17.55 9.15 73.30 1.1338 0.716 8.6 12
Btf2 28.78 2.36 68.86 0.9729 0.717 10.5 15
R 24.04 1.78 74.18 0.7993 0.725 13.5 19

P1T2-PBACal: Argissolo Bruno-Acinzentado Alítico abrúptico (Arenic Hapludults)
A2 44.37 11.42 44.21 0.6752 0.720 17.1 24
Bt 37.54 6.88 55.58 0.8654 0.720 12.2 17
R 74.20 1.20 24.60 0.6527 0.724 18.0 25

P2T2-TCk: Luvissolo Crômico Carbonático típico (Mollic Hapludalfs)
A 93.12 - 6.88 1.2039 0.722 8.0 11
Btx 99.67 0.33 - - - - -
Cr 99.50 - - - - - -

P3T2-FTd: Plintossolo Argilúvico Distrófico abrúptico (Plintic Paleudults)
A2 20.23 7.50 72.27 0.9397 0.718 10.9 15
2Btf2 9.80 2.60 87.60 0.9426 0.728 10.9 15
Cr 14.27 8.30 77.43 1.0611 0.724 9.4 13

P1T3-LVe: Latossolo Vermelho Eutrófico típico (Typic Eutrudox)
A2 6.60 6.50 86.90 0.8491 0.711 12.5 18
Bw2 7.60 5.76 86.64 0.8107 0.723 13.3 18
R - 20.55 79.45 0.6535 0.723 18.0 25

P1T4-TXp: Luvissolo Háplico Pálico típico (Oxyaquic Hapludalfs)
A2 79.92 13.44 6.64 0.4057 0.717 40.6 57
Bt 93.87 4.46 1.67 0.3954 0.724 42.8 59
R 96.72 1.44 1.84 0.3372 0.724 62.2 86

P2T4-PVd: Argissolo Vermelho Distrófico arênico (Arenic Kandiudults)
A2 4.10 6.50 89.40 0.6719 0.720 17.3 24
Bt1 5.40 2.10 92.50 0.7837 0.718 13.9 19
R 63.10 2.24 34.66 0.7611 0.722 14.5 20

(1) Percentage obtained from the relation between the areas of the peaks of the clay minerals considered: 
2:1HE = 2:1 (smectite or vermiculite) and/or interstratified 2:1 and/or EHE and/or VHE; Mi/Il = mica (illite); 
Kt/K-S = kaolinite and/or interstratified kaolinite. FWHM001 Kt = full width at half maximum of kaolinite; d001 
Kt = value of the spacing between the kaolinite layer in nanometers; ACS = average crystal size of kaolinite 
measured on plane 001 (value in nanometers); MNL = mean number of layers of a kaolinite crystal.

were smaller, with an increase in the proportion of kaolinite, indicating a higher intensity 
of weathering in that horizon. There were also differences in the smectite pattern, whose 
peaks are more asymmetrical than in the accompanying horizons. The most dissonant 
feature was the high concentration of mica/illite in this horizon. Under the hypothesis that 
the soil was formed from alteration of the rock “in situ”, it was expected that in the upper 
and more weathered horizons, the micas would have been destroyed. Such differences 
support the hypothesis of lithologic discontinuity in the profile, as verified in the field and 
confirmed by Santos (2015). 
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The semi-quantification of clay minerals in this soil revealed a predominance of 2:1 layer 
phyllosilicates in all horizons, which was greater than 80 % in the 2Bt horizons and in the 
R layer, and 57 % in the A2 (Table 2), values that are consistent with the highest CEC at 
pH 7, clay fraction activity, sum of bases and base saturation (Table 1). In spite of this, 
the soil had allytic characteristics in most of the first 1.00 m of the B horizon, a feature 
that was attributed to contemporary processes of ferrolysis that cause destruction of 
part of the smectites, favored by temporary oscillation of the water table (Santos, 2015).

In the samples of the Argissolo Amarelo Alítico plintossólico/Oxyaquic Hapludults 
(P3T1-PAal), collected at a lower topographic elevation than the P2T1 from a pediment 
position with imperfect drainage and whose lithology is fine sandstone mixed with 
siltstones, the diffractograms of the clay fraction indicated similar mineral composition 
of the horizons (Figure 2c), with predominance of kaolinite (and/or K-S), followed by 
smectites and micas. The kaolinite was identified by peaks at the 0.72 and 0.36 nm 
positions, but considering that it presented a variable asymmetry for angles 2θ lower, 
the presence of interstratified K-S together with kaolinite was considered. Low intensity 
peaks around 1.0 nm indicate 2:1 micas (or illites), and a more intense peak at 1.45 nm 
indicates 2:1 phyllosilicates or chlorite, in this case in larger concentrations than mica, 
but smaller than kaolinite. The treatments with ethylene glycol showed displacements 
of the peaks from 1.45 nm to values around 1.8 nm, symmetrical for the R sample, 
but more asymmetrical, forming a plateau, in the upper horizons. The heat treatments 
revealed incomplete contraction at values around 1.0 nm, indicating possible contribution 
of hydroxyl-Al polymers in the interlayers of the smectites (EHE). Peaks indicative of 
quartz (0.42 and 0.33 nm) were identified in all horizons and in the R layer, but at higher 
concentrations in the A2 horizon, due to the sandy texture of that horizon.

The sum of the areas of the 2:1 phyllosilicate (Micas + EHE) peaks ranged from 25 to 30 % 
of the total area of the clay minerals, with the remainder represented by kaolinite, with 
the contribution of K-S (Table 2). The relatively high concentration of smectite in this soil 
could explain the CEC and higher activity of the clay fraction, but as the clay content is 
very low in most horizons and layers, this ends up contributing little to the CEC of the 
TFSA. However, when CEC pH 7 to soil (Table 1) is converted to kg of clay, the value of 
clay activity in the Btf2 horizon is 25 cmolc kg-1 of clay, which is much higher, therefore, 
than the values attributed to kaolinite.

Toposequence 2: Sanga-do-Cabral

In the samples of the Argissolo Bruno Acinzentado Alítico abrúptico/Arenic Hapludults 
(P1T2-PBACal), collected from a high position, but with a moderate natural drainage 
condition, and whose lithology is fine sandstone, the clay fraction diffractograms indicate 
similar mineralogical composition among the horizons, but with variations in the quantitative. 
In the rock (R), smectite predominated, identified by the intense peak around 1.6 nm in the 
sample saturated with Mg (Figure 2d). This was confirmed in the treatment with ethylene 
glycol by the displacement of this peak to values around 1.7 nm and by nearly complete 
shrinkage of the layers after heating of the sample saturated with K to 550 °C (data not 
shown). The second component of importance is kaolinite (peaks around 0.72, 0.36, and 
0.23 nm), followed by mica, with low-intensity peaks around 1.0 and 0.5 nm. In the horizons 
above the rock (Bt and A2), the situation is inverted, and the kaolinite dominates over the 
smectites, which have larger peaks than in the rock. However, the Mg + EG treatments and 
heating of the K-saturated samples confirmed their identification as smectites, with very 
low intercalation with interlayered hydroxy-Al polymers. In the Bt and A2 horizons, quartz 
(peaks at 0.43 and 0.33 nm) and boehmite aluminum oxide, confirmed by peaks around 
0.63 nm, were also identified. The presence of the latter in soils of the region is attributed 
to destruction of smectites through ferrolysis in environments with temporary and frequent 
oscillation of the water table, which results in the release of Al of the octahedral slides and 
neoformation of the oxide (Cunha, 2013).
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Smectites predominate in the R layer in this soil, totaling approximately 75 % of the clay 
minerals. In the upper horizons, the smectite decreases and the quantities of kaolinite, 
together with illites, increase to about 55 % (Table 2), which may be a result of the 
weathering of the smectites, with neoformation of kaolinites, in the environment most 
subject to leaching in the upper horizons. The activity of the clay fraction, calculated 
for the Bt horizon from the data in table 1, is 24 cmolc kg-1 of clay, which is somewhat 
low, considering the expressive quantities of smectites still present (Table 2). However, 
the values are consistent if we consider that they are expressively superior to kaolinite 
CEC and that the smectites have some intercalation with hydroxyl-Al (EHE) polymers, 
reducing the CEC of this mineral in relation to its corresponding pure minerals. 

In the samples of the typical Luvissolo Crômico Carbonático/Mollic Hapludalfs (P2T2-TCk), 
collected in the upper third of the hillside and whose lithology is siltstones with limestone 
cementation, the clay fraction diffractograms indicate similar mineralogical composition of 
the horizons, which are composed almost entirely of interstratified chlorite/smectite in the 
Cr horizon and which alter to form smectites in the upper horizons (Figure 2e1). This is a 
profile that was collected on a hillside with rolling topography, where vertical flows seem to 
have been lower, leading to a low leaching rate and the rise of bicarbonates dissolved from 
the rock, which reprecipitated in the form of secondary carbonate concretions in the Cr and 
Bt horizons. The interstratified chlorite/smectite is best identified in the K treatments and in 
heating of samples from the Cr horizon (Figure 2e2), where it is observed that, regardless 
of the heating temperature, the peaks remained in a position around 1.22 to 1.24 nm. 
In contrast, in the sample with natural Mg, the main peak occurred at 1.62 nm (Figure 2e1), 
increasing to 1.68 nm with ethylene glycol. In the Btx horizon, the sample with Mg shows a 
peak only around 1.58 nm, which shifts to 1.68 nm through use of ethylene glycol. There is 
no peak in the region around 1.00 nm. However, in the samples saturated with K, two peaks 
are formed, one around 1.0 nm and the other around 1.25 nm. Their intensity changes as 
a result of heating - at 25 °C, the peak around 1.25 nm is more intense than that around 
1.0 nm, but the situation reverses with gradual heating to higher temperatures (data not 
shown). At 550 °C, the peak around 1.0 nm is more intense than that around 1.25 nm. 
This leads to the interpretation that as weathering advanced, some of the interstratified 
chlorite/smectite became smectites, indicated by practically complete contraction of part of 
the expandable minerals with 2:1 layers. In the A horizon, this interpretation is confirmed, 
since in the 550 °C K treatment, a single peak is formed around 1.00 nm, and the peak 
around 1.25 nm disappears entirely. 

The mineralogical composition of the clay fraction, composed of more than 90 % 
interstratified chlorite/smectite and smectites (Table 2), is therefore perfectly compatible 
with the high activity values of the clay fraction, which exceed 100 cmolc kg-1 in the 
lower horizons (Table 1). 

In the samples of the Plintossolo Argilúvico Distrófico abrúptico/Plintic Paleudults 
(P3T2-FTd), collected in a pediment position with moderate to imperfect drainage and 
whose lithology is sandstone mixed with siltites, the mineralogical composition of the 
clay fraction was similar in the horizons, with a predominance of kaolinite, possibly 
associated with interstratified minerals of the 1:1-2:1 layer (wide and asymmetrical 
peaks around 0.72 nm), followed by expandable 2:1 layer phyllosilicates (peaks between 
1.5 and 1.6 nm), micas and/or illites (peaks around 1.0 nm), and quartz (peaks at 
0.26 and 0.33 nm) (Figure 2f). In the rock-saprolite (Cr), the mica concentration is greater 
than in the A2 and Btf horizons, shown by the greater intensity of the peak around 
1.0 nm in that horizon. In the upper horizons, the lower intensity of the peaks of the 
mica does not translate into an increase in the intensity of the peaks around 1.5 nm; 
on the contrary, they are less intense than in the Cr horizon, indicating that part of 
the mica was destroyed by weathering, possibly forming kaolinite. The peaks around 
0.72 nm and 0.56 nm are wide and asymmetrical, with the greatest asymmetry in the 
A2 horizon. This feature is indicative of the presence of kaolinite, probably in association 
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with kaolinite-smectite (Sawhney, 1989; Bortoluzzi et al., 2007). The ethylene glycol 
treatments, in all horizons, promoted displacement of the position from 1.50-1.60 nm 
to values between 1.68-1.73 nm, indicating that these were expandable phyllosilicates. 
However, collapse of the layers by heating was incomplete, indicating smectites with 
hydroxy-Al polymers between the layers (EHE) (data not shown).

The estimated concentration of minerals in the 2:1 layer (EHE + micas and/or illites) ranged 
from 12 to 27 % of the clay minerals present (Table 2), values that are compatible with the 
low activity of the clay fraction in this soil, calculated from table 1 (around 19 cmolc kg-1 
for the sub-horizons of B). Since this value is well above the CEC of pure kaolinite, this 
increase is attributed to the participation of the 2:1 layer minerals and possibly also to 
the participation of the interstratified K-S minerals.

Toposequence 3: Guará

This toposequence only exhibited the mineralogical data of a typical Latossolo Vermelho 
Eutrófico típico/Typical Eutrudox (P1T3-LVe) of medium sandy texture, collected in a smooth 
rolling area with long slopes, and its clay mineralogy was similar among the horizons, 
constituted predominantly by kaolinite, micas, and/or illites, 2:1 layer phyllosilicates, 
and quartz. The lithology consists of fine sandstones deposited in a desert environment, 
with eolic, lake, and fluvial contribution, thus differing from the sandstones of the Botucatu 
Formation that occur in adjacent, underlying areas, whose deposits are essentially eolic.

In the rock (R), the kaolinite peaks (0.72 and 0.36 nm) are wide, but with little asymmetry, 
indicating crystallites of small size and/or with low structural order. The second component, 
less expressive, is represented by micas (peaks around 1.00, 0.50, and 0.33 nm). 
In the upper horizons (Bw2 and A2), however, the concentration of micas is reduced 
and peaks around 1.4 nm are also identified, which indicates expandable phyllosilicates 
(Figure 2g). In the samples of these two horizons, the ethylene glycol treatments 
evidenced a slight displacement of the 1.4 nm peaks to angles 2θ lower, but without 
establishing a definite position, demonstrating a certain expansivity of the minerals. 
In the K and heating treatments, contraction of the layers was incomplete, revealing 
the presence of hydroxy-Al polymers in the interlayer space, implying that it could be 
EHE or vermiculite with hydroxy-Al interlayer polymers (VHE). However, considering the 
presence of micas in the source material, it is more likely VHE, formed by the gradual loss 
of K and incorporation of Mg (and hydroxyl-Al polymers) in the interlayer space through 
an increase in weathering in the upper horizons. The kaolinite peaks in these horizons 
are wider and more asymmetrical than in the rock, which may indicate the presence of 
1:1-2:1 interstratified minerals in association with kaolinites.

In all horizons analyzed, the content of kaolinite (or kaolinite + interstratified constituents) 
was higher than 80 %. Mica concentration was 20 % in the rock, and the sum of micas 
and/or illites with EHE or VHE was approximately 13 % in the A2 and Bw2 horizons (Table 2). 
This composition is therefore consistent with the low values of CEC found in this soil (Table 1).

Toposequence 4: Pirambóia

In the samples of Luvissolo Háplico Pálico típico/Oxyaquic Hapludalfs (P1T4-TXp), whose 
lithology is siltstones with intercalations of sandstones, the clay fraction diffractograms 
indicate similar mineralogical composition among the horizons, with predominance of 
expandable 2:1 layer phyllosilicates (peaks at 1.53-1.58 nm), followed by low proportions 
of micas and/or illites (peaks around 1.0 nm), and an even smaller number of kaolinite 
peaks at 0.72 and 0.36 nm (Figure 2h). It is an imperfectly drained soil, with many mottles, 
mainly concentrated in the middle and lower portion of the B horizon.

In the R layer, the reflex at 1.58 nm is very intense and symmetrical in the sample 
saturated with Mg, followed by a low reflex of micas (1.0, 0.5, and 0.33 nm) and less 
intense kaolinite (0.72 and 0.36 nm). In the treatment with ethylene glycol, the 1.58 nm 
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peak fully shifts to 1.71 nm, and the second-class (0.85 nm) and third-class (0.57 nm) 
peaks are more clearly manifested, confirming that they are smectites. However, they 
appear to contain significant amount of interlayered hydroxy-Al polymers, considering 
that in the treatments of heating K-saturated samples to temperatures of 25, 100, and 
350 °C, the reflexes were between 1.18 and 1.21 nm (data not shown). Only after heating 
at 550 °C does the reflex shift and accentuate at the position around 1.0 nm, though still 
maintaining asymmetry at lower angles. This feature indicates that they are smectites 
with interlayered hydroxy-Al polymers (EHE). 

The same feauture is observed in the upper horizons (A2 and Bt2), although the EHE peaks 
in these horizons are wider than in the rock, and the kaolinite reflexes are more evident 
(Figure 2h), probably indicating kaolinite neoformation at the expense of dissolution of 
part of the smectites. Unlike the rock, the upper horizons exhibit small reflexes with a 
spacing around 0.63 nm, interpreted as boehmites or pseudo-boehmites, whose peak 
disappears in the samples saturated with K and heated to 350 and 550 °C.

Boehmite is an Al-hydroxide with a low degree of structural order (Hsu, 1989) as a result 
of the limited number of unit cells and the presence of water between the octahedral 
slides (Tettenhorst and Hofmann, 1980). Among the Al oxides reported, only gibbsite 
and, less frequently, boehmite are found in soils. However, Al also forms minerals of 
low crystallinity and high reactivity (Kämpf et al., 2009b). The occurrence of boehmite 
in the soil is usually associated with the presence of gibbsite (Barshad, 1964; Wefers 
and Misra, 1987; Santos et al., 2009). This aluminum oxide occurs in weathered soils, 
reflecting progressive loss of Si along with accumulation of Al. Generally, high Al2O3 
content and extremely low SiO2 content result in high concentrations of gibbsite and 
boehmite in the soil (Muhs and Budahn, 2009). Their presence seems to be related to 
conditions of temporary hydromorphism, due to oscillation in the level of the water table 
above the rock, which leads to alternation of oxidation and reduction processes, favoring 
ferrolysis processes (Brinkman, 1970). According to Chesworth (1972), the conditions 
of the chemical potential of H2O required to stabilize boehmite + H2O in relation to 
gibbsite + H2O or gibbsite + boehmite are unlikely to occur in the weathering zone, due 
to thermodynamic conditions. In most environments on the earth’s surface where water 
is present, gibbsite is stable in relation to boehmite. However, in arid and semi-arid 
regions or in soil microenvironments where clay films effectively seal the soil structural 
units from contact with water, boehmite and gibbsite can be stabilized together, i.e., 
the boehmite will not be stable on the soil surface, except in the presence of gibbsite 
and in the absence of water as a separate phase.

Both profiles have high Ca2+ and Mg2+ contents, in combination with very high 
levels of “exchangeable” Al, whose values exceed 6 cmolc kg-1 (Table 1). For these 
profiles, the hypothesis is that destruction of smectites (possibly beidelites) has been 
occurring by ferrolysis, with probable precipitation of disordered Al compounds, such 
as pseudo-boehmite. The presence of this material had already been identified in the 
Argissolo Bruno-Acinzentado Alítico imperfectly drained from the 2 (P1T2) toposequence, 
as previously discussed.

The relative proportions of the clay minerals in the horizons of the P1T4 profile were 
approximately 80 % smectites and/or EHE in the A2, 94 % in the Bt, and 97 % in the R. 
The micas and/or illites were 13 % in the A2, 4 % in the Bt, and 1 % in the R, whereas 
kaolinites and/or K-S represented 7 % in the A2, 2 % in the Bt, and 2 % in the R (Table 2). 
Considering the predominance of EHE in conjunction with illites in this soil, the mineral 
composition of the clay fraction is therefore compatible with the high values of clay 
activity calculated from the CEC values of this soil (Table 1).

In the samples of the Argissolo Vermelho Distrófico arênico/Arenic Kandiudults 
(P2T4-PVd), whose lithology is sandstone mixed with siltstones, the clay fraction 
diffractograms indicate a differentiated mineralogical composition between the R 
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layer and the upper horizons. This soil is located in a high position in a well-drained 
natural environment. In the rock, phyllosilicates predominate with d spacing at 1.62 nm 
in the Mg saturated samples, whereas in the A2 and the Bt1 horizons, peaks of 0.72 
and 0.36 nm, generally attributed to kaolinite, are dominant (Figure 2i). Low-intensity 
peaks of micas and/or illites are also observed in all horizons and layers; well-defined 
peaks of the quartz (1.334 and 0.426 nm) occur only in the A2 horizon, of sandy 
constitution. Ethylene glycol treatment of the rock samples caused an expansion of 
the reflex from 1.62 to 1.72 nm, while the heating treatments resulted in a response 
similar to that observed in Luvissolo samples of the same toposequence (P1T4), 
confirming the predominance of EHE in the underlying rock and the similar affiliation 
of the two sedimentary packages of the Pirambóia Formation. In contrast, in the A2 
and Bt1 horizons, the 2:1 layer phyllosilicates are not very intense and occur around 
1.47-1.48 nm (Figure 2i). After impregnation with ethylene glycol, they move irregularly 
to larger spacings, without a precise definition of their position. The K heating treatments 
cause irregular contraction of the layers, maintaining greater asymmetry of the reflex 
at the position of 1.00 nm compared to that of the rock after heating to 550 °C.

As in most of the soils studied, the reflexes at 0.72 and 0.36 nm are wide and asymmetrical 
across all horizons and layers, probably indicating kaolinites of small size in association 
with interstratified K-S. The significant increase in these minerals, from the base to the top 
of the profile, indicates that in the well-drained and heavily leached environment, most 
of the smectites were weathered, with formation of kaolinites by neogenesis. However, 
the hypothesis of contribution of sandier material of allochthonous origin in the upper 
horizons cannot be discarded.

Quantitatively, the proportions of the clay minerals in the A2 and Bt1 horizons and in the 
R layer of the P2T4 profile were approximately 4 % in A2, 5 % in Bt1, and 63 % in the 
R of 2:1 minerals (smectites and/or EHE); 7 % in the A2, 2 % in the Bt1, and 2 % in the 
R of micas (illites); and 89 % in the A2, 93 % in the Bt1, and 35 % in the R of kaolinites 
and K-S (Table 2).

Crystallographic parameters of “kaolinite” 

Assuming that the reflexes in the positions around 0.72, 0.36, and 0.24 nm alude 
only to the presence of kaolinite, the semi quantification data based on the area of 
the peaks (Table 2) indicate that this was the predominant mineral in most of the 
soils studied, with the exception of P2T1-PBACal, P2T2-TCk, P1T4-TXp, and part of 
the P1T2-PBACal profile, which indicates, in turn, that the physical-chemical features 
of the soils in the region of Campanha-RS are strongly influenced by the presence 
of this mineral.

Kaolinite is generally the main mineral of the clay fraction in soils developed under 
moist tropical and subtropical conditions, and its neogenesis is conditioned by the 
intense process of chemical weathering and leaching of basic cations, products of the 
dissolution of primary minerals and reprecipitation of Si and Al by the process of partial 
desilication (monosialitization), and it may also occur by partial dissolution of 2:1 clay 
minerals (Melo and Wypych, 2009). In the case of soils developed from sedimentary 
rocks, it may also have been inherited from the source material.

The main crystallographic parameters obtained for the kaolinites from XRD data 
(Table 2) revealed that the basal spacing values (d) measured in the hkl 001 plane 
for the kaolinites ranged from 0.711 to 0.728 nm, which, in a way, reflects some 
heterogeneity of the source materials in the soils studied. The mean value of this 
spacing is obtained by calculation, which simulates the “average” shape of the 
peak at the position around 0.72 nm. Therefore, any asymmetries of the peak in 
this position that could be indicating overlap of the peaks of more than one mineral 
were not considered.
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A large amplitude of spacing values at this position could indicate the presence of 
interstratified minerals or even the presence of structural Fe (Singh and Gilkes, 1992; 
Melo et al., 2002). Hart et al. (2002), on the other hand, described the possibility that 
structural Fe may promote differentiated adjustment of the octahedral and tetrahedral 
layers, also promoting the widening of this space. However, in most of the clay samples 
studied, the peaks related to kaolinite plane 001 are wide and asymmetrical, probably 
indicating the contribution of interstratified K-S type minerals, as discussed above.

The values of FWHM (Table 2) in the 001-plane ranged from 0.33 to 1.2 °2θ, an unusual 
characteristic when these values are compared with kaolinites identified in other 
environments in Brazil and the world (Melo et al., 2002; Corrêa et al., 2008). This may be 
due to the fact mentioned above that the FWHM measurement is performed considering 
the half maximum height (H) value of the mean shape of the reflex at the position around 
0.72 nm, without taking into account that the asymmetry may be due to the presence 
of two distinct phyllosilicates: kaolinite and K-S. 

Nevertheless, according to the Sherrer formula, the higher the FWHM of the mineral, 
the lower the ACS value. Based on this, it was observed that the ACS001 values for 
most of the samples were extremely low (Table 2), which could indicate extremely thin 
kaolinites, with the exception of the P1T4 profile. Moreover, since the MNL is calculated 
by the ratio between the ACS001 and the mean value of the d001 spacing (0.72 nm), 
it follows that most of the supposed kaolinites would have between 11 and 25 layers, 
with the exception of the Luvissolo Háplico (P1T4-TXp), with 86 layers.

These considerations lead to the conclusion that the “pattern” or “morphology” of the peak 
at the position of the d001 spacing of the kaolinite needs to be considered more carefully 
when interpreting the X-ray diffractograms, taking into account that the asymmetries may 
be indicating the presence of interstratified constituents in combination with the kaolinite, 
which may be masking identification of the real crystallographic parameters of the kaolinite. 

Although the presence of wide and asymmetrical reflexes is frequently indicative of the 
contribution of interstratified K-S in association with kaolinite (Sawhney, 1989; Bortoluzzi, 
2007), most of the studies performed in Brazil infrequently and merely mention this 
possibility, due to the difficulties of identification and especially of semi-quantification 
of these interstratified constituents. Generally, the interstratified K-S show arrangement 
of the 2:1 layers with random distribution (Borchardt, 1989; Sawhney, 1989), vary in 
the number of these layers in the crystals and, in more acidic environments, may have 
interlayered hydroxy-Al polymers, making their precise identification even more difficult. 
Their identification and semi-quantification, however, has been attempted through the 
use of software such as NEWMOD (Reynolds Jr and Reynolds III, 1996) by which the shape 
of the diffractogram of the study can be “simulated” by the introduction of different 
amounts of minerals, with characteristics similar to those present in the soil. In the region 
of Santa Maria, RS, Bortoluzzi et al. (2007) used the software Newmod and Decomprx 
and identified a predominance of interstratified K-S over kaolinite in soil developed from 
sedimentary rocks, similar to those studied here. More recently, with use of Newmod, 
interstratified K-S were also identified as expressive components in Nitossolos Brunos 
and Latossolos Brunos in the extreme south of Brazil by Testoni (2015). 

The ACS data generally varied both between horizons and different soils, showing a 
differentiated pedogenic evolution, which may in part be due to the differentiated 
degree of weathering, as well as differences in the source material. The mean number 
of layers (MNL), calculated by the ratio between ACS001 and the mean value of the 
d001 spacing, ranged from 11 to 25 for most soils, and were much higher in the samples 
of the P1T4-TXp (86 layers). From these considerations, we conclude that MNL values 
for most soils may be underestimated. 
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The P1T4-TXp profile has the lowest amount of kaolinite in the sample, but in contrast, 
it has the highest degree of structural ordering (lowest FWHM), with ACS ranging from 
40.6 to 42.8 nm in the A2 and Bt horizons, and 62.2 nm in the R, showing a much higher 
MNL than the other soils.

The P2T2-TCk profile exhibited kaolinite in the clay fraction only in the A horizon, 
representing about 6.8 % of its composition, and had the highest FWHM value of the soils; 
it proved to be a malformed kaolinite, with ACS = 8 nm and only 11 layers per crystal.

The Argissolos Vermelhos Distróficos (P1T1-PVd and P2T4-PVd profiles) are the soils 
with the highest amount of kaolinite in their mineralogical composition, showing values 
of FWHM, ACS, and MNL similar to each other in the A2 and Bt horizons, evidencing a 
certain mineralogical affinity between the sediment packets, since both are developed 
over the same Pirambóia Formation.

A comparison between the Argissolo Bruno-Acinzentado Alítico of the Pirambóia Formation 
(P2T1-PBACal profile) and that of the Sanga-do-Cabral Formation (P1T2-PBACal profile) 
showed significant differences in the quantity and characteristics of the mineral material 
of a kaolinite nature in the A and B horizons, as well as in the underlying lithology (R). 
The kaolinites of the P1T2-PBACal profile had a better degree of structural ordering than 
those of the P2T1-PBACal. In the A2 horizon of the latter, the FWHM was 0.983 nm, with 
ACS = 10.3 nm and MNL = 14, whereas the A2 of the P1T2 had FWHM = 0.675 nm, with 
ACS = 17.1 nm and 24 layers. In the Bt horizon of the P2T1 profile, FWHM was higher than 
of the A2 horizon (1.143 nm) with ACS = 8.5 nm and 12 layers; and the Bt of P1T2 had 
FWHM = 0.885 nm, with ACS = 12 nm and about 17 layers. Within the profile, the kaolinites 
of the surface horizon are generally better formed (ordered) than those of the subsurface.

A significant contribution of kaolinite in the clay fraction of the P3T1-PAal (Pirambóia), 
P3T2-FTd (Sanga-do-Cabral), and P1T3-LVe (Guará) profiles can be observed, but all have 
crystallographic parameters indicative of low structural ordering. Typically, the kaolinites 
of the soils are more disordered than those of geological deposits (Hughes and Brown, 
1979; Herbillon, 1980; Cases et al., 1981). In general, the kaolinites of less evolved soils 
have lower thickness (ACS) due to lower stacking of layers (lower average number of 
layers), and regardless of pedobioclimatic conditions, they have reduced growth in the 
basal direction (Melo and Wypych, 2009). According to, In tropical climates, soil kaolinite 
usually has low crystallinity (Hughes and Brown, 1979), or a high degree of structural 
disorder (Brindley et al., 1986).

Additional information on kaolinite characteristics in Brazilian soils can be found in several 
studies, such as those performed by Palmieri (1986), Ker (1995; 1997), Melo et al. (2001), 
and Corrêa et al. (2008).

CONCLUSIONS

With the exception of the P2T1-PBACal, P2T2-TCk, and P1T4-TXp profiles and part of 
the P1T2-PBACal profile, kaolinite was the predominant clay mineral, but there was a 
significant contribution of 2:1 clay minerals. There was a direct relation between the 
chemical properties of the soils and their mineralogical constitution.

The crystallographic parameters of kaolinite varied both within the profile and between 
the profiles, showing a differentiated pedogenic evolution, which may be due to the 
differentiated degree of weathering, as well as differences in the source material.

In general, the ACS001 and MNL values of kaolinite were low, reflecting in part, the 
high values of FWHM, due to the presence of interstratified minerals in combination 
with kaolinite.
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