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High temperatures and rainfall prevail in the Brazilian Amazon, but some areas have soils with high clay mineral
contents of 2:1, and there is limited information concerning their properties. Therefore, it is important to study
the soil formation and understand the environmental conditions in which they were formed. This study aimed
to investigate the physical, chemical andmineralogical properties of the soil in relation to the environmental fac-
tors acting on a chronosequence in the Late Pleistocene sediments of theMiddleMadeira River. Soil profiles were
selected on three alluvial terraces. Morphological, physical, chemical, mineralogical, X-ray fluorescence, TEM and
SEM characterizationswere performed. The soils that exhibited a clayey texture, acidic reaction, low values of ex-
changeable bases and high values of aluminum had profiles containing a considerable presence of 2:1 clay min-
erals, especially illite, vermiculite, mica-vermiculite, hydroxyl-interlayered vermiculite and pyrophyllite. Soil
mineralogy indicated that these soils were recently weathered, where the low values of sum of bases correspond
to the low presence of these cations in the parent material. Meanwhile, high values of exchangeable aluminum
were derived from the pyrophyllite alteration, different parent material and 2:1 clay minerals recent alteration.
Therefore, the parent material, presence of amorphous silica, different climate conditions in the past and current
drainage restriction contribute to the slow alteration rate of 2:1 clay minerals of the soils of the humid tropical
Amazon environment.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Climatic conditions of high temperature and high rainfall prevail in
the Brazilian Amazon. These characteristics favor intense weathering
of minerals and therefore the formation of soils with predominantly
1:1 clay minerals and iron oxides, as well as low contents of exchange-
able base cations (Schaetzl and Anderson, 2005). However, water table
fluctuations, parent material, drainage restrictions and paleoclimate
conditions are environmental factors that favor the establishment of
pedogenetic evolution, including the preservation of 2:1 clay minerals
in the Amazon (Benedetti et al., 2011; Fritsch et al., 2011; Guimarães
et al., 2013; Lima et al., 2006; Marques et al., 2002).

In the southwestern Amazon, the soils developed from Cenozoic
sedimentary deposits. In this environment, the younger sediments cor-
respond primarily to the alluvial terraces that represent fluctuations in
the river level that are associated with geological activities during the
Pleistocene-Holocene period (Irion et al., 1995; Rossetti, 2014). In addi-
tion, the alluvial sediments in this region are transported and deposited
Souza Júnior).
primarily by the Madeira River, one of the main tributaries of the
Amazon River.

In the region of Middle Madeira River in the south of the Amazonas
state, there were three climatic regimes from the Late Pleistocene to the
Holocene: a humid climate between 50,000 and 26,000 ca. yr. B.P., dry
periods between 26,300 and 15,300 ca. yr. B.P. and a new humid period
between 15,300 and 10,000 ca. yr. B.P. (Rossetti et al., 2014). Thus, the
dynamic evolution of the Pleistocene-Holocene landscapes are associat-
ed with the last glacial and interglacial events and the consequent tran-
sitions of humid and dry climates at low and medium altitudes (Hirsch
et al., 2015; Mahaney et al., 2014).

The area corresponds to ecotones systems that show peculiar floris-
tic composition in the Amazon, composed of dense and open tropical
forests that encircle areas of savannah on a relief ranging from slightly
undulating to flat land (Brasil, 1978; Cohen et al., 2014; Campos et al.,
2012a, 2012b). However, in the last glacial maximum (LGM), tropical
forest predominates in the Amazon, and the savannah areas remain
today, suggesting that forest areas were not substituted by vegetation
(Freitas et al., 2001; Mayle et al., 2004).

Despite the large representation of theMiddleMadeira River region,
the most common physiographic environments are floodplains
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(seasonal flooding environment); savannah (recessed plain environ-
ment, with a predominance of herbaceous and shrub species) both of
which dominated by Fluvic Cambisols, the transition areas (transition
zone between the fields and the mainland) dominated by Haplic
Lixisols; and land (stable and with little influence of seasonal floods en-
vironment), which is dominated by Fluvic Cambisols (Braun andRamos,
1959; Campos et al., 2012a; Campos et al., 2012b; Santos et al., 2012).

The soils of this region, were formed under the influence of
Pleistocene-Holocene sediments, past climatic alterations, water table
fluctuations and poor drainage. There are records of these environmen-
tal conditions on their soil properties. For instance, the low intensity of
the monosialitization processes can preserve or reduce the alteration
rate of 2:1 clay minerals in amazon soils because of the arid climates
in the past and/or the predominance of limited drainage (Dosseto et
al., 2006).

Thus, soil properties relay records of the intensity of pedogenetic
processing conditions that prevailed in the environment and influenced
the soil formation (Gao et al., 2012; Huang et al., 2011; Tatyanchenko et
al., 2013). Therefore, this study was aimed to relate the physical, chem-
ical and mineralogical properties of soil to the environmental factors
Figure 1. Localmap of the study area, landscape illustration and soil profiles. T1: Içá Formation (
silt, clay and semi-unconsolidated gravels) 25,000 cal years B.P.; T3: alluvial deposits (sand, sil
affecting soil formationof a chronosequence, developedunder threeflu-
vial terraces of the Middle Madeira River in the Brazilian Amazon.
2. Material and methods

2.1. Description of the study area and field sampling procedure

The soils were located in the region of the municipality of Humaitá-
AM, Brazil (Fig. 1). A chronosequence composed of three soil profiles on
the fluvial terraces of theMiddle Madeira River in the Brazilian Amazon
was selected. The climate in the region was classified as humid tropical,
with a short dry period (between May and September), a mean annual
temperature of 25 to 26 °C, rainfall from2200 to 2700mmand a relative
air humidity of 85% to 90% (INMET, 2014).

The natural vegetation in the region consists of open, sub-evergreen
tropical forest, with palm trees and savannah (Braun and Ramos, 1959),
on a slightly undulating to flat relief. Profile 1 was situated at an altitude
of 79 m (07°32′52″ S; 63°17′56″ W), Profile 2 was located at 58 m
(07°30′21″ S; 63°04′55″ W), and Profile 3 was located at 52 m (07°29′
sandstone,mudstone, siltstone) 40,000 cal years B.P.; T2: deposits of fluvial terraces (sand,
t, clay and consolidated gravels) 12,000 to 3000 cal years B.P.
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11″ S; 62°59′5″ W). Additionally, the soils were classified according to
WRB (2014).

The area was selected based on the geology map and previous stud-
ies concerning the soil classes representative of the surrounding land-
scape (Braun and Ramos, 1959; Campos et al., 2012a; Campos et al.,
2012b; Santos et al., 2012; CPRM, 2008).

In the study area, Profile 1 was located in the Içá formation, where
the lithostratigraphic unit was primarily composed of sandstone and
in lower proportions, siltstones, argillites with complex cross-stratifica-
tion and inclined heterolithic stratification and conglomerates from
continental environment (Maia et al., 1977; Nogueira et al., 2013;
Rossetti et al., 2014). Profiles 2 and 3 were composed of unconsolidated
sediments with fine-grainedmaterials, a white color and reddish to yel-
lowish tonalities (Brasil, 1978).

The studied terraces were deposited during the late Pleistocene to
Holocene, meaning that Profile 1, Profile 2 and Profile 3 were located
on the terraces of 40,000 cal years B.P., 25,000 cal years B.P. and
12,000 to 3000 cal years B.P. (Rossetti et al., 2014), respectively.

Profile 1was located in a natural vegetation area comprising an open
tropical forest thatwas partially deforested and under no soil use, which
indicated a transition zone between the fields and mainland. Profile 2
was located in a preserved area of savannah (recessed plain environ-
ment with a predominance of herbaceous and shrub species), compris-
ing grasses and small twisted trees, with considerable fire risk during
the dry season. Profile 3 represented a stable environmentwith little in-
fluence from seasonal floods, and themost recent fluvial terraces of the
Middle Madeira River under open Tropical Forest; however, profile 3
was located in a deforested area that was currently under no soil use.

After sampling by horizons, the soil samples were dried, pounded to
break up clods and sieved through 2.0mmmesh to obtain air-dried fine
earth (ADFE) sample for the laboratory analysis. Additional soil samples
were collected below the C horizon using a soil sampler (Dutch Auger)
and are referred to as L (deeper layer) in this study.

2.2. Physical analyses

Soil texture was analyzed using the hydrometer method and utiliz-
ing dispersant sodium hydroxide (0.1 mol L−1). Soil particle density
was determined using a volumetric flask and ethyl alcohol as penetrat-
ing liquid. Soil bulk density was determined using the volumetric ring
method and, for some samples, the paraffin-clod method (Almeida,
2008; Embrapa, 1997; Gee and Or, 2002).

2.3. Chemical analyses

Soil pHwasdetermined inwater andKClwith a 1.0mol·L−1, 1:2.5 soil
to solution ratio. The exchangeable cations, Ca2+, Mg2+ and Al3+, were
extracted using 1.0 mol·L−1 KCl and measured with atomic absorption
spectroscopy (ASS). Hydrogen ion and Al3+ were extracted with calcium
acetate (0.5 mol·L−1) at pH 7.0 and determined by titration (NaOH at
0.025 mol·L−1). Organic carbon was determined through wet oxidation
analysis (Walkley and Black, 1934). Potassium, Na+ and Pwere extracted
with a Mehlich-1 solution (Mehlich, 1953). Potassium and Na+ were de-
termined by flame photometry and P was measured using colorimetry.

Iron was extracted through the selective dissolution of pedogenic
iron oxides. Total iron content (Fed) was determined by the citrate-bi-
carbonate-dithionite (DCB) method (Holmgren, 1967; Mehra and
Jackson, 1960), while non-crystalline iron phases (Feo) were obtained
by extraction with ammonium oxalate (pH 3.0) in the dark
(McKeague and Day, 1966); quantification of iron was performed by
AAS.

2.4. Total chemical composition

The semi-quantification of total elements was performed by X-ray
fluorescence (XRF) spectrometry, using a Rigaku RIX-3000 XRF
spectrometer. For the XRF analysis, ADFE samples were macerated and
dried at 110 °C for 6 h, and fused-glass discs were made using lithium
tetraborate as the fusing agent (Buhrke et al., 1998). For the determina-
tion of loss on ignition, the samples were calcined in a muffle at 1000 °C
for 2 h while gradually increasing the temperature.

For the semi-quantitative analysis, the mathematical model of fun-
damental parameters (FP)was used to correct thematrix effects. The el-
ements detected and semi-quantified were the oxides, Al2O3, SiO2,
Fe2O3, K2O, TiO2, MgO, Na2O3, P2O5 and SO3.

Based on the elemental contents, theweathering indiceswere calcu-
lated by the relationship between mobile (K and Al) and immobile (ti-
tanium) elements. Among the indices, the open-system mass
transport function was employed as follows (Chadwick et al., 1990):

ʈ j�w ¼ Cj�w � Ci�p
Ci�w � Cj�p

� �
−1 ð1Þ

where ʈ refers to the open-systemmass transport function, c is the con-
centration of the immobile element (i) ormobile element (j), in the par-
entmaterial (p) or the analyzed horizon (w). For this study, the deepest
layer that was altered the least was considered the parent material.

2.5. Mineralogical analyses

X-ray diffraction (XRD) analysis was performed for sand, silt and
clay fractions from the horizons A, diagnostic horizon B and deeper
layer (L). A Shimadzu 6000-XRD diffractometer with Cu Kα radiation
was used. The X-ray source was operated at 40 kV and 30 mA. The in-
strument is equipped with a graphite monochromator. A scan rate of
1°·min−1 over a range of 5° to 70° (2θ) was varied according to the an-
alyzed fraction and the applied treatment.

Samples of coarse sand,fine sand, silt and natural clay (either un-ori-
ented or in powder form) were analyzed using XRD. The natural clay
was subjected to pretreatments to remove organic matter (15% hydro-
gen peroxide) and iron oxides with dithionite-citrate-bicarbonate
(Mehra and Jackson, 1960; Holmgren, 1967). The pretreatments were
used because the cementing and flocculating agents interfere with the
quality of the diffractograms generated.

The XRD patterns were recorded for clay-oriented samples, saturat-
edwith 1.0mol·L−1 KCl at 25 °C and heated for 3 h at 350 °C and 550 °C.
Part of the clay samples was also analyzed after saturation with 1.0
mol·L−1 MgCl2 and after solvation with glycerol. The identification of
clayminerals from the interplanar spacing in response to the used treat-
ments was performed according to Brown and Brindley (1980), Jackson
(1975) and Moore and Reynolds (1997).

For scanning electron microscopy analysis, the silt fraction of the B
horizons were dispersed in water, placed on carbon sample holders
and coated with a thin layer (50 to 150 Å) of gold to avoid the accumu-
lation of charges and heat because of the electron beam orientation to
the sample. The analysiswas conducted on a FEI QUANTA600F scanning
electron microscope, operated at 20 kV. A JEOL JEM-2010 microscope
was used for the transmission electron microscopy analysis, which
was operated at a voltage of 200 kV and high image resolution of
0.23 nm for samples of clay from the B horizon. The clay was dispersed
inwater andplaced on a copper TEMgrid. Both analyseswere combined
with the energy dispersive X-ray spectroscopy.

3. Results

3.1. Morphological, physical and chemical attributes

The soils were classified as Haplic Lixisol (plinthic) (Profile 1), se-
quence A-AB-BA-Bt-Btpl-BCpl; Fluvic Cambisol (alumic, plinthic) (Pro-
file 2), A-BAc-Bcm-BC-Cpl1-Cpl2; and Fluvic Cambisol (alumic)
(Profile 3), Ap-AB-BA-Bcm-BC-C.



Table 2
Physical properties of the soil profiles.

Horizon TS CS FS Clay Silt WDC F Bs Pd FS/CS

cm g kg−1 % g cm−3

Profile 01 - Haplic Lixisol (plinthic)
A (0−10) 286 60 226 351 363 253 28 0.92 2.53 8.2
AB (10−30) 226 38 188 436 338 404 7 1.36 2.41 7.1
BA (30–60) 188 30 158 582 230 434 25 1.39 2.47 8.0
Bt (60–97) 149 24 126 627 224 204 68 1.40 2.80 8.2
Btpl (97–180) 110 32 78 625 265 141 78 1.38 2.88 10.7
BCpl (180–200) 114 37 77 577 309 137 76 1.44 2.82 10.2

Profile 02 - Fluvic Cambisol (alumic, plinthic)
A (0−13) 318 35 283 323 359 206 36 1.37 2.58 3.8
BAc (13−30) 261 32 228 371 369 254 31 1.62 2.80 5.0
Bcm (30–65) 264 29 235 420 315 254 39 1.59 2.78 5.2
BC (65–93) 354 38 316 417 228 186 55 1.51 2.69 5.3
Cpl1 (93–140) 378 32 346 370 252 180 51 1.63 2.76 2.4
Cpl2 (140–180) 256 23 233 417 327 106 75 1.68 2.88 2.1

Profile 03 - Fluvic Cambisol (alumic)
Ap (0–7) 267 16 251 287 446 238 17 1.31 2.61 16.1
AB (7–25) 226 9 217 336 438 287 15 1.30 2.63 23.8
BA (25–50) 190 4 186 385 425 349 9 1.47 2.68 44.4
Bcm (50–90) 102 3 99 576 322 150 74 1.47 2.78 33.9
BC (90–153) 222 6 215 382 396 151 61 1.50 2.56 1.04
C (153–200) 70 12 59 333 596 102 69 1.50 2.80 1.79

TS: total sand; CS: coarse sand; FS: fine sand;WDC:water-dispersible clay; F:flocculation;
Bs: bulk density; Pd: particle density.
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All soils exhibited a high concentration of clay, with textural class
ranging from clayey to very clayey (Table 1). In addition, the clay con-
tent tended to increase in subsurface in all profiles, showing that
elluviation was evident.

The fine sand/coarse sand ratio varied along and between profiles
(Table 2). Profile 3 showed the highest discrepancy in this ratio, indicat-
ing a different composition of the clay deposit from which this profile
originated.

With respect to structure, all of the profiles showed angular and
subangular blocks, with the occurrence of cohesive massive structure
in somehorizons of Profiles 2 and 3. These structureswere related to de-
posits that have not yet suffered expressive pedogenesis (Table 1).

The distinct colors in the soil profiles suggest differences in the envi-
ronmental conditions where the soils were formed (Fig. 1). Profile 1
(Haplic Lixisol) exhibited a darker, more yellowish color in the se-
quence, A-AB-BA-Bt, with hues from 10 YR to 7.5 YR and reddish colors
(2YR 5/8) in Btpl and BCpl.

Profile 2 (Fluvic Cambisol) exhibited brown coloration, occurring in
the A horizon (7.5 YR, 4/4 moist). Yellowish red pigments occurred in
BA (5 YR, 5/8), and red coloration was observed (2.5 YR 5/8 and 4/8)
in the other horizons (Table 1). This soil exhibited yellowish mottles
in BA and BC and light-brown mottles in Cpl1 and Cpl2. In Profile 3
(Fluvic Cambisol), containing more recent fluvial sediment, the color
profile was light grayish-brown in A horizon and changed to yellow-
ish-brown along the profile.

Soil bulk density ranged from 0.92 to 1.68 g·cm−3, with the lowest
values originating in the surface horizons. The surface horizons exhibit-
ed higher concentrations of organicmatter (Table 3) that contributed to
the reduction of soil bulk density (Ferreira, 2010). Thewater dispersible
clay and flocculation confirmed that in the uppermost particles were
more susceptible to the eluviation process.

All of the soils were acidic and exhibited low values for the sum of
bases (Table 3). Profiles 1 and 2 showed higher concentrations of alumi-
num. Low values of phosphorus are common in Amazon soils, and
higher organic carbon concentrations predominated in Profile 1 in
rainforest conditions. The iron content, extracted by oxalate, was con-
siderably lower than the values extracted by DCB, primarily from the
subsurface layer (Table 4), showing the predominance of higher free
and well-crystallized phases.
Table 1
Morphological properties of the soil profiles.

Hor. Depth (cm) Color (wet) Texture

Hue Mottles

Profile 01 - Haplic Lixisol (plinthic)
A 0–10 10YR 4/2 – Clay loam
AB 10–30 10YR 5/6 – Clay
BA 30–60 10YR 5/8 – clay
Bt 60–97 7.5YR 5/8 – Heavy clay
Btpl 97–180 2YR 5/8 2.5YR 3/6. F/F/P Heavy clay
BCpl 180–200+ 2YR 5/8 2.5YR 3/6 10YR 7/4. F/F/P Clay

Profile 02 - Fluvic Cambisol (alumic, plinthic)
A 0–13 7.5YR 4/4 – clay loam
BAc 13–30 5YR 5/8 2.5YR 4/4. F/F/P clay loam
Bcm 30–65 2.5YR 5/8 – clay loam
BC 65–93 2.5 YR 4/8 10YR 7/6. A/FM/P clay
Cpl1 93–140 2.5 YR 4/8 10YR 7/4. A/FM/P clay loam
Cpl2 140–180+ 2.5 YR 4/8 10YR 7/3. A/FM/P clay

Profile 03 - Fluvic Cambisol (alumic)
Ap 0–7 7.5YR 5/3 7.5YR 5/6. F/F/D Loam
AB 7–25 7.5YR 5/3 7.5YR 5/6. A/F/D Clay loam
BA 25–50 10YR 5/4 7.5YR 4/6. A/F/D Clay loam
Bcm 50–90 10YR 5/6 – Clay
BC 90–153 10YR 7/6 – Clay loam
C 153–200+ 10YR 7/3 – Silt clay loam

Mottles (F: few; F: fine; P: proeminent; A: abundant; FM: fine andmedium; D: distinct); Structu
GR: granular; SB: subangular blocky; MA: massive; AS: angular and subangular blocky; AB: ang
tence (FR: friable; FI: firm; EHA: extremely hard; VHA: very hard; PL: plastic; ST: sticky; VPL: v
3.2. Total chemical composition and weathering indices

The profiles of the sequence showed higher SiO2 contents in surface
soils and tended to decrease with depth (Table 5), whereas the Al2O3

content increased with depth for most of the horizons. A difference be-
tween the horizons, with respect to mineral composition, occurred for
TiO2. These values varied within and between profiles (Table 5).

The use of the weathering indices indicated differences between the
composition of elements in the profiles (Fig. 2). The loss of mobile ele-
ments, such as potassium, was similar between profiles derived from
more recent sediment (Fig. 2a), and the conservation of mobile ele-
ments was observed in the deepest soil layers. Aluminum increased to
Structure Clay coatings Consistence (dry, moist, wet)

MO/FM GR/SB – FR/PL/ST
WE/FM SB – FI/VPL/VST
MO/FF SB F/F FI/VPL/VST
MO/FF SB F/A. FI/VPL/VST
MO/FF SB D/A FI/VPL/VST
MO/FF SB – FI/VPL/VST

– MA – EHA/FI/VPL/VST
WE/FM MA/AS – VHA/FI/VPL/VST
WM/FF AS F/C VHA/FI/VPL/VST
WM/FM AS – EHA/FI/VPL/VST
WE/FM AS – EHA/FI/VPL/VST
WE/FM AS – EHA/FI/VPL/VST

MO/ME MA/SB – VHA/FI/PL/ST
– MA – VHA/FI/VPL/VST
WE/FM AS – EHA/FI/VPL/VST
MO/FM AB – VHA/FI/VPL/VST
MO/FM AB – FI/VPL/VST
– MA – VFI/VPL/VST

re (MO:moderate; FM: fine andmédium;WE:weak; FF: veryfine and fine;ME:medium;
ular blocky); Clay coating (F: few; F: faint; A: abundant; D: distinct; C: common); Consis-
ery plastic; VST: very sticky).



Table 3
Chemical properties of the soil profiles.

Horizon pH (water) pH (KCl) ΔpH Al3+ H + Al Ca2+ Mg2+ K+ Na+ SB CEC V m P OC

cm cmolc·kg−1 % mg kg−1 g kg−1

Profile 1 - Haplic Lixisol (plinthic)
A (0–10) 4.21 3.81 −0.40 4.63 16.08 0.31 0.47 0.15 0.03 0.95 17.03 6 83 3.27 32.09
AB (10–30) 4.51 3.81 −0.70 4.53 9.17 0.20 0.29 0.04 0.01 0.54 9.71 5 89 ND 9.38
BA (30–60) 4.57 3.85 −0.72 4.64 8.28 0.19 0.08 0.14 0.02 0.44 8.72 5 91 ND 6.02
Bt (60–97) 4.82 3.88 −0.94 5.78 8.08 0.19 0.01 0.19 0.02 0.41 8.49 5 93 ND 4.13
Btpl (97–180) 5.81 3.88 −1.93 7.10 9.80 0.19 0.01 0.05 0.01 0.26 10.06 2 96 ND 3.50
BCpl (180–200+) 5.10 3.82 −1.28 6.05 10.88 0.21 0.02 0.03 0.01 0.26 11.14 2 96 ND 1.12

Profile 2 - Fluvic Cambisol (alumic, plinthic)
A (0–13) 4.79 3.89 −0.90 2.83 6.92 0. 20 0.04 0.06 0.02 0.32 7.24 5 90 ND 12.99
BAc (13–30) 4.84 3.97 −0.87 3.75 5.94 0.20 0.02 0.04 0.01 0.27 6.21 4 93 ND 4.72
Bcm (30–65) 4.92 3.88 −1.04 4.23 7.61 0.22 0.02 0.02 ND 0.27 7.88 3 94 ND 2.19
BC (65–93) 4.87 3.85 −1.02 4.03 7.16 0.21 0.02 0.02 ND 0.26 7.41 3 94 ND 1.10
Cpl1 (93–140) 4.96 3.85 −1.11 4.31 7.71 0.20 0.06 0.02 ND 0.28 8.00 4 94 ND 1.17
Cpl2 (140–180+) 4.93 3.76 −1.17 4.74 9.19 0.21 0.09 0.04 0.01 0.35 9.55 4 93 ND 1.21

Profile 3 – Fluvic Cambisol (alumic)
Ap (0–7) 4.74 3.72 −1.02 0.77 8.08 0.50 0.14 0.15 0.03 0.82 8.90 9 48 2.75 11.55
AB (7–25) 4.71 3.72 −0.99 0.99 7.01 0.28 0.03 0.05 0.02 0.38 7.40 5 72 0.03 6.30
BA (25–50) 4.61 3.73 −0.88 1.15 7.78 0.21 0.02 0.04 0.01 0.27 8.05 3 81 ND 3.14
Bcm (50–90) 4.79 3.75 −1.04 1.59 9.55 0.09 0.08 0.05 0.02 0.24 9.79 2 87 ND 2.10
BC (90–153) 5.22 3.87 −1.35 1.36 7.91 0.20 0.07 0.05 0.03 0.35 8.26 4 79 1.23 1.10
C (153–200+) 5.30 3.85 −1.45 1.72 8.25 0.14 0.06 0.05 0.01 0.26 8.51 3 87 0.95 0.82

SB: sum of bases; CEC: cation exchangeable capacity pH 7; V: base saturation; m: aluminum saturation; OC: organic carbon; ND: non detected.

Table 5
Semiquantitative values of oxides determined by FRX.

Horizon Depth SiO2 Al2O3 Fe2O3 TiO2 K2O MgO Na2O LOI

cm %

Profile 1 - Haplic Lixisol (plinthic)
A 0–10 66.9 19.4 3.9 1.4 1.0 0.3 0.2 6.32
AB 10–30 65.0 21.8 4.5 1.5 1.1 0.3 0.2 5.42
BA 30–60 59.3 24.8 5.1 1.4 1.3 0.3 0.1 7.28
Bt 60–97 56.0 27.5 6.3 1.4 1.6 0.3 0.2 6.34
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values higher than zero for Profile 2, indicating its high degree of mobi-
lization (Fig. 2b).

3.3. Mineralogical attributes

The 2:1 clayminerals were observed in all of the soils, indicating the
occurrence of factors that contribute to their preservation in the humid
tropical climate of the Amazon. Mica, kaolinite, quartz, goethite and he-
matite were observed in the natural clay fraction for all of the profiles,
while mica, kaolinite, quartz, anatase and rutile were observed only in
the silt fraction (Table 6).

The intensity of reflections of mica tended to be greater in the
deepest layers (Tr) of sediment, possibly because the weathering of
these phyllosilicates ismore advanced in surface horizons. The presence
of rutile and anatase in the silt fraction was mainly attributed to the re-
sistance to weathering of these minerals (Table 6).

In the clay fraction, the main minerals observed in the profiles were
kaolinite, vermiculite, hydroxy-interlayered vermiculite (Profile 2), il-
lite, pyrophyllite and quartz (Figs. 3, 4 and 5). In addition, an irregularly
interstratified mica-vermiculite mineral was identified in the 1.07 to
1.43 nm range; the peak of this mineral collapsed to 1.07 nm, following
Table 4
Content of iron oxides extracted by ammonium oxalate and dithionite-citrate-bicarbon-
ate, and weathering index.

Horizon Fe oxalate Fe dithionite Feo/Fed

cm g kg−1

Haplic Lixisol (plinthic)
A (0–10) 1.45 4.71 0.31
Btpl (97–180) 0.40 23.83 0.02
L2(230–250+) 0.32 24.09 0.01

Fluvic Cambisol (alumic, plinthic)
A (0–13) 0.91 7.45 0.12
Bcm (30–65) 0.74 14.58 0.05
L (180–210+) 1.06 17.37 0.06

Fluvic Cambisol (alumic)
Ap (0–7) 3.90 6.57 0.59
Bcm (50–90) 1.03 26.31 0.04
L (220–250+) 0.66 26.76 0.02

L: layer.
K-saturation and, in some samples, after the heat treatment at 350 °C,
showing in this case some interstratification of Al in the vermiculite
structure.

Kaolinite was identified by the peaks at 0.71 and 0.35 nm that disap-
peared after the thermal treatment at 550 °C. The peaks at 0.42 nm and
0.33 nmwere characteristic of quartz. Peaks at 1.01 nmand0.5 nmwere
persistent in all of the treatments and indicated the presence of illite. In
addition, the presence of trace amounts of pyrophyllite were observed
in all of the profiles, represented by the peaks at 0.91 nm and 0.30 nm
in the 001 and 003 reflections, respectively (Figs. 3, 4 and 5).
Btpl 97–180 49.6 30.0 8.5 1.3 2.1 0.4 0.2 7.68
BCpl 180–200 50.2 28.3 7.7 1.1 2.4 0.4 0.1 9.45
L1 200–230 51.9 27.5 8.6 1.1 2.4 0.4 0.2 7.72
L2 230–250 52.7 27.9 8.8 1.0 2.4 0.5 0.2 6.3

Profile 2 - Fluvic Cambisol (alumic, plinthic)
A 0–13 72.9 14.6 2.4 0.9 1.1 0.3 0.2 7.31
BAc 13–30 68.3 18.5 4.5 1.0 1.5 0.4 0.2 5.41
Bcm 30–65 62.3 20.3 5.3 0.9 1.8 0.4 0.1 8.72
BC 65–93 59.0 21.5 5.7 0.7 2.0 0.5 0.2 10.16
Cpl1 93–140 59.9 23.0 5.9 0.7 2.2 0.5 0.1 7.42
Cpl2 140–180 60.1 23.6 5.1 0.8 2.5 0.6 0.2 7.14
L 180–210 60.1 23.5 5.3 0.8 2.7 0.6 0.2 6.58

Profile 3 - Fluvic Cambisol (alumic)
Ap 0–7 78.1 11.7 2.0 1.0 1.5 0.3 0.1 5.24
AB 7–25 75.1 13.6 2.3 1.0 1.7 0.4 0.1 5.67
BA 25–50 70.4 15.9 2.8 1.0 1.9 0.4 0.1 7.14
Bcm 50–90 59.5 22.1 5.2 1.0 2.9 0.6 0.2 8.35
BC 90–153 57.9 22.6 5.6 0.8 2.9 0.7 0.1 9.07
C 153–200 59.5 21.3 5.8 0.8 2.9 0.7 0.2 8.66
L 220–250 58.0 22.1 5.8 0.8 2.9 0.7 0.1 9.42

L: layer. LOI: loss on ignition.



Fig. 2.Weathering index of the studied profiles. Profile 1 – Lixisol□; Profile 2 – Cambisol◊; Profile 3 – CambisolΔ. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)
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A collapse pattern of the vermiculite structure after pretreatment
with K saturation, combined with different temperatures (25 °C and
350 °C), was different in Profile 2 (Cambisol). In this profile, the pres-
ence of vermiculite was confirmed by the absence of displacement of
the 1.43 nm peak after glycerol-solvation. However, in horizons A and
B cm, this clay mineral likely consisted of HIV because of the absence
of contraction of the peaks in the 001 reflection, characteristic of ver-
miculite (1.43 nm) in clay samples saturated with K at 25 °C, and the
complete collapse to 1.0 nm only at 350 °C.

In Lixisol (Profile 1), located in older sediments, the occurrence of
mica and kaolinite were mainly observed in the deeper layer (L), with
a small peak referring to vermiculite (1.43 nm) (Fig. 3). On the other
hand, horizons A and Bt showed intensity of vermiculite peaks greater
than illite, which could suggest the alteration and neoformation of ver-
miculite. This is because this soil (Profile 1) has good drainage capacity,
especially in surface horizons. There was no evidence of the influence of
the water table in this zone.
Table 6
Mineralogical composition of the clay and silt fractions of the B horizon of the soil profiles.

Profile Soil fraction

Clay Silt

1 Mi, Ka, Qz, Gt, Hm Mi, Ka, Qz, An, Ru
2 Mi, Ka, Qz, Gt, Hm Mi, Ka, Qz, An, Ru
3 Mi, Ka, Qz, Gt, Hm Mi, Ka, Qz, An, Ru

Mi: mica; Ka: kaolinite; Qz: quartz; Gt: goethite; Hm: hematite; An: anatase; Ru: rutile.
4. Discussion

The variations observed in the soils were associatedwith the charac-
teristics of the landscape in the region, reflecting the soil-landscape re-
lationships existing in the environment. Amazon conditions are
frequently characterized by high rainfall and temperatures that favor
the weathering process; however, conditions such as soil drainage, dif-
ferent climate conditions in the past and parent material (Cohen et al.,
2014; Dosseto et al., 2006; Lima et al., 2006)may be determinant factors
in the pedogenetic development of soils in sediments from the Late
Pleistocene.

Somemorphological and chemical properties variedwith the type of
vegetation in the area. Profile 1 was situated in a tropical forest area,
where the supply of organic material and biological activity combined
to formmineral particles that tended to favor the formation of granular
structures, observed in the A horizon (Table 1) (Bronick and Lal, 2005).
Conversely, Profile 2 showed a cohesivemassive structure in the surface
horizon that persisted in the BAc horizon andwas associatedwith a low
supply of organic matter because of savannah vegetation, as well as the
annualfires that occur in this area. Additionally, Profile 3 exhibitedmas-
sive structure in the surface horizons, possibly related to the recent an-
thropic activities in that area, resulting in an alteration of the altered soil
structure (Table 1).

The profile colors varied according to the groundwater influence and
drainage of the soils. Profile 1 was yellowish in color in the uppermost
part where water penetration was greater (Churchman and Lowe,
2012). Reddish coloration in the subsurface, with mottles beginning at
97 cm of depth, reflected good drainage.

The reddish color of Profile 2 may reflect lower periods of rainfall in
the Amazon, associated with high temperatures and a low supply of



Fig. 3. XRD patterns of clay fraction of Profile 1 (Haplic Lixisol). Vm: vermiculite; Py: pyrophyllite; II:Ilite; Ka: kaolinite; Qz: quartz. L: deeper layer.
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organic matter because of forest fires from the savannah area (Freitas et
al., 2001;Mayle et al., 2004; Rossetti et al., 2014). In addition, the forma-
tion of mottles in the subsurface could be attributed to wetting and dry-
ing cycles caused by water table fluctuations (Braun and Ramos, 1959).

Therefore, as altitude decreases, the influence of the water table on
the formation of soils becomes more evident. In Profile 3, situated at a
lower position on the landscape and subjected to longer waterlogging
periods, the soil contained amore grayish coloration because of the par-
tial inhibition of iron oxide formation (Table 1).

Additionally, themigration of clay, evidenced by the presence of clay
films, seemed to indicate that the lessivage processwas active in Profiles
1 and 2. The high rainfall in these regions favored the action in this en-
vironment. The lowest values of flocculation degree in the horizons
overlying the diagnostic horizons of these soils (Table 2) reflected its
susceptibility to argilluviation processes (Nunes et al., 2001).

The restriction to drainage, associated with wetting and drying cy-
cles, also favored the process of plinthization in these soils, which pri-
marily occurred in the subsurface and was evidenced by the presence
ofmottles (Table 1), similar to reports from previous study in the region
(Braun and Ramos, 1959; Campos et al., 2012a).

Some chemical components were similar between soils, and the low
values of exchangeable base cations within each profile indicated that
Fig. 4.XRDpatterns of clay fraction of Profile 2 (Fluvic Cambisol). HIV: hydroxi interlayered verm
Qz: quartz. L: deeper layer.
the soil sediments were naturally poor in these elements (Table 3), ex-
cept for the surface horizons, which had contributions from organic
matter (especially in Profile 1). Guyot et al. (2007) observed that the
sediments of theMadeira Riverwere primarily composedof the second-
ary clayminerals, muscovite and quartz, confirming the low availability
of basic cations in the sediments because the limited drainage would
partially prevent removal from the profile (Brady and Weil, 2013).

On the other hand, the dynamics of elements, such as Al, varied
among soils. The highest values of exchangeable aluminum were ob-
served in Profile 1,which increased in Al in the subsurface, possibly aris-
ing from the parentmaterial, and the lowest values were obtained from
a depth of 60 cm or below, resulting from the complexing effect of the
organic matter on the exchangeable Al (Sparks, 2003).

The pyrophyllite observed in all of the profiles was possibly a source
of Al that was released in this environment. This clay mineral has been
observed in other Amazon soils derived from alluvial sediments from
the Andes, and despite the low stability in the soils, its presence in trop-
ical environments has attributed to the coating of iron oxides (Marques
et al., 2002; Sanchez-Camazano et al., 1988; Zelazny and White, 1989;
Zelazny et al., 2002).

Profile 2 exhibited the lowest values of exchangeable aluminum that
could be related to clay mineral formation, notably the HIV observed in
iculite;Mi-Vm:mica-vermiculite; Vm: vermiculite; Py: pyrophyllite; II:Ilite; Ka: kaolinite;



Fig. 5. XRD patterns of clay fraction of Profile 3 (Fluvic Cambisol). Vm: vermiculite; Py: pyrophillite; II:Ilite; Ka: kaolinite; Qz: quartz. L: deeper layer.
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these soils (Fig. 4), reducing the availability of this element in the soil
exchange complex (Yin et al., 2012). The HIV could be related to the
high aluminum content, acid conditions and low organic carbon input
in the savannah area (Table 3) (Malla, 2002; Yin et al., 2012), showing
that this type of vegetation dominated these areas since the late Pleisto-
cene. However, in Profiles 1 and 3, the higher organic matter input from
the rainforest, probably inhibited the formation of HIV.

The savannah area resides on the sediment deposited from the LGM
period, with temperatures that were lower than the present and lower
CO2 concentrations, favoring the establishment of grasses. Tropical for-
ests were established in the Pleistocene; thus, this vegetation already
prevailed in the older sediments (Freitas et al., 2001; Mayle et al.,
2004); however, because of climatic changes from 20,000 years ago, it
was not established if Profile 2 was verified by the presence of HIV.

A greater Feo/Fed ratio occurred in theuppermost horizons (Table 4)
and was associated with a reduction in well-crystalized iron oxides by
the organic matter effect (Cornell and Schwertmann, 1996). The values
associated to total oxides (Fed) were lower in the uppermost horizon of
all the soils and increased in the subsurface; this could be due in part to
clay illuviation, but also to a different composition of the surface de-
posits, when compared to the lower ones. The higher amount of amor-
phous iron oxides (Feo) in the surface horizon of Profile 3, could be
attributed to its massive structure and, therefore, to its hydromorphic
conditions.

In the weathering index to the function Ʈ(k), the most negative
values were related to the highest losses of K in the profile. Thus, it
was evident that there were higher K losses in the surface, which was
attributed to weathering of micaceous materials and leaching and/or
plant absorption,while in the subsurface, therewas partial preservation
of the element. This partial preservation was attributed to drainage re-
striction, which inhibited excessive weathering of micaceous minerals
(Fig. 2). Consequently, more negative values were observed in Lixisol
(Profile 1) derived from older sediments, correspond to the highest de-
gree of weathering of the soil.

For aluminum, positive values were observed in the subsurface
(Fig. 2) of Profile 2. Jäger et al. (2015) attributed this tendency to
themobilization of Al in the soil, whichwas consistent with the pres-
ence of hydroxy-Al interlayer observed in these soils. With respect to
the higher silicon values in the surface horizons, this can also be re-
lated to the frequent presence of amorphous silica and phytoliths
in the sediments from the Andes (Gama et al., 1992) and this study
(Fig. 6a).
Profile 3 showed higher homogeneity in themineralogical composi-
tion within this profile, possibly attributed to the poor drainage condi-
tions that restricted the processes contributing to the loss of silica
from the system associated to more recent sediments. However,
Fritsch et al. (2007) claimed that the weathering of muscovite occurs
even in these environments, leading to the depletion of alkali and alka-
line earth cations, along with a slow and continuous release of silicon
and redistribution of Al in variousmineral and organic phases. These au-
thors observed micas with a deficit of K2O in the soils derived from the
Içá Formation and attributed this result to the in situ neoformation of
kaolinite.

In the studied soils, therewas a high occurrence of 2:1 clayminerals,
which were in a process of alteration, as shown by the irregularities in
the lattice fringes (Fig. 6b). Elssas (2006) cites that the thickness of
1 nmwas associated the with non-expandable, 2:1 clay minerals, com-
monly portrayed as illite (Calero et al., 2013). The irregularities ob-
served in the fringes possibly refer to an alteration of clay minerals. In
these soils, illite and kaolinite were possibly inherited, and the recent
process of illite alteration, given the environment with acidic reaction
and high rainfall, caused the neoformation of illite-vermiculite, vermic-
ulite and HIV, but at a slow rate in soils with limited drainage.
5. Conclusions

This study contributes to the knowledge of the variability in soils
that occurs in the Amazon. The presence of 2:1 clay minerals was fre-
quent in these soils and were inherited, primarily, from the parent ma-
terial. It is possible that past successions of wet and dry periods in the
Late Pleistocene, the establishment of new wet conditions in the Holo-
cene, and the landscape position favoring the current drainage condi-
tions were associated with the incorporation of amorphous silica.
These evidences constitute the environmental factors that preserve
2:1 clay minerals in a warm and humid Amazon environment.

In addition, the mineralogy of soil profiles confirmed that chemical
properties, especially the values of exchangeable base cations, of sedi-
ment originating these soils were naturally poor in bases and therefore
not related to the removal process from the system, as widely acknowl-
edged for the Amazon region. Moreover, the high Al exchange content
could be related to the pyrophyllite alteration in this environment, as
well as to the different types of parent material and to 2:1 clay mineral
alteration.



Fig. 6. SEM photomicrography of amorphous silica of silt fraction (A) and TEM of clay fraction (B), both from B horizon of P2 (Cambisol).
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